Global Lightning and Sprite Activities and Their Solar Activity Dependences by 佐藤  光輝
Global Lightning and Sprite Activities and
Their Solar Activity Dependences




Global Lightning and Sprite Activities 
and Their Solar Activity Dependences
グローバルな雷 ・スプライ ト活動と太陽活動依存性に関する研努
             A DISSERTATION 
SUBMITTED TO THE DEPARTMENT OF GEOPHYSICS 
ON GRADUATE STUDIES OF TOHOKU UNIVERSITY 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
 FOR. THE  DEGREE OF DOCTOR OF SCIENCE
Mitsuteru Sato
佐藤 光輝
Department of Geophysics, Graduate School of Science, 
             Tohoku University
東北大学 大学院理学研究科 地球物理学専攻
December, 2003
To my  parents 
 Kenkichi and Syoko Sato
Abstract
   Lightning is the most powerful natural phenomenon occupying our interest  frorr 
old times. A number of studies have been carried out on lightning morphology, dis-
charge processes, and microphysics and electrification processes in thunderclouds  in 
the last century. After the first finding of sprites appearing in the mesosphere  &pow 
thunderclouds in 1989, sprites have become a new target of lightning research, and op-
tical and electromagnetic instruments for sprite measurements have been intensively 
operated worldwide. However, the characteristics and energetics of  sprite-inducing 
cloud-to-ground (CG) discharges have not been fully understood. The global distribu-
tions of sprite occurrence rates and locations have not been estimated. Moreover,  the 
existence of a possible link between global lightning and sprite activity and solar and 
geomagnetic activity is still open questions. 
  Schumann resonance (SR) waves are a powerful tool which can monitor global 
lightning and sprite activities. Although SR observations were carried out for the last 
few decades, most of these SR data have been acquired at observation sites located  in 
the northern hemisphere. In order to establish a complete global network of stations 
for SR monitoring, it is essential to set up a new observation site in the southern 
high latitude region. The purpose of this dissertation is to investigate global  lightning 
and sprite activity changes and their dependences on solar and geomagnetic activity 
changes. This study focuses on four subjects: 1) development of a new ELF observation 
system for SR monitoring and its continuous operation, 2) basic characteristics of  CG 
discharges inducing transient SR waves and sprites, 3) global occurrence rates and 
locations of sprites, and 4) a possible link between global lightning and sprite activity 
and solar and geomagnetic activity. 
  Firstly, we developed a new ELF observation system and have carried out contin-
uous monitoring of 1-100 Hz waveform at Syowa station in Antarctica since February 
2000, which is the first routine operation in the Antarctic. We have also operated this 
observation system at Onagawa observatory since Japan in June 2001 to achieve trian-
gulation of sprite occurrence regions. Many important results of this thesis have been
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obtained from the data obtained at Syowa station for the period from February 2000 
to January 2003 and Onagawa observatory for the period from June 2001 to January 
2003. 
  Secondly, we analyzed 331 summer sprite events which occurred over the US High 
Plains and 42 winter sprite events which occurred over Japan and its surrounding 
sea. In this analysis, we developed a technique to estimate the charge moment  (Q•dl) 
and the decay time constant (T) of sprite-inducing CG discharges. In the summer 
sprite events of the US the charge moments and time constants of +CG discharges 
inducing sprites are estimated to be 876  C-km and 8.63 ms on average, respectively. 
On the other hand, in the winter sprite events of Japan those values are estimated 
to be 520  C•km and 9.54 ms, respectively. From the National Lightning Detection 
Network (NLDN) and Japanese Lightning Detection Network (JLDN) data it is found 
that charge moments are scarcely correlated with peak current intensities but they are 
strongly correlated with decay time constants. Assuming that the channel length dl 
of sprite-inducing CG discharges is 4 km for the summer sprite events, the amount of 
charge removed by +CG discharges is estimated to be 219 C on average. Similarly, 
the amount of charge in the winter sprite events is estimated to be 260 C assuming 
that dl is 2 km. These comparable amounts of electric charge strongly suggest that 
the current waveforms for the summer and winter events are similar to each other. 
  Thirdly, we analyzed ELF magnetic field waveform data obtained simultaneously at 
Syowa and Onagawa for the period from July 19, 2001 to January 20, 2002. We selected 
 r•-,715,500 transient SR events from those ELF data and estimated the locations and 
polarizations of the parent CG discharges automatically using a newly developed trian-
gulation method. Then, we estimated charge moment distributions of CG discharges 
inducing these SRs and found that the average charge moment values of +CGs and 
—CGs are 686 and —632  C•km , respectively. By multiplying the empirical sprite ini-
tiation probability reported by Hu et al. [2002], the global sprite occurrence rates are 
estimated to be 686, 733, and 741 events/day on average in the northern summer, fall 
and winter, respectively, and 719 events/day through this period. Combining the data 
set on CG locations with that on sprite occurrence rates, we made global maps of the 
sprite occurrence regions and their seasonal variations. The high occurrence regions 
of sprites concentrate on the major lightning source regions: North America, China 
and South-East Asia in summer, the equatorial region in fall and Africa and South 
America in winter. The mean accuracy in this triangulation method is estimated to 
be  ,-,i1.7 Mm, and this error is unevenly distributed over the world, which might be
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due to a fact that available data are provided from only the two sites of Syowa and 
Onagawa. 
  Finally, we analyzed ELF data obtained at Syowa for the three year period from 
February 2000 to January 2003. From dynamic spectra derived from those ELF data, 
we calculated SR spectral power  (SRspv) as a sum of the bands at  8, 14, and 20 
Hz and found that an average power spectrum of  SRsp, have distinct spectral peaks 
at 27.9 and 11.3, and multiple peaks around  ,,,4---6 days. We performed the MEM 
and Wavelet cross-spectral analysis between  SR8p„ and solar and geomagnetic activity 
parameters such as F10.7, cosmic ray flux (CR), sunspot number (SSN), Kp index, 
Dst index, and relativistic (MeV) electron and ion fluxes. Though all these parameters 
show a distinct spectral peak at  ,27-33 days, it seems that there is no clear phase 
relationship between  SR,p, and the parameters of F10.7, CR, SSN, MeV electron and 
MeV ion. On the other hand, there seems to be in-phase relation between  SRsp„ and 
Kp, and between  SR,p, and Dst. We estimated the ionospheric reflection height using 
the two-scale-height conductivity model and the resonance frequencies of SR waves. 
It is found that the amplitude of the ionospheric reflection height  (.'2 %) is much 
smaller than the modulation of  SRsp,  (,,-,40 %) and that the phase of the ionospheric 
reflection height preceded that of  SR,p, by  ,-, 90°  (,--)7.4 days). These facts imply that 
the 27.9 day periodicity of  SRap, is caused not by the modulation of the ionospheric 
reflection height but by the  ,,,27 day modulation of global lightning activity. Further, 
we analyzed composite infrared cloud images obtained by the meteorological satellites. 
It is found that the cross spectrum between  SR.,p, and tropical cloud coverage shows 
a distinct peak at the  ,27 day period. Also, it is found that there is a clear anti-
phase relation between these parameters. This fact implies that the heating rate of 
the lower atmosphere near the ground surface would decrease as the high altitude 
cloud coverage increases. Consequently, convection producing thunderclouds would be 
suppressed, and lightning activity would be weakened. However, it is not possible to 
understand the generation mechanisms of the  ,27 day modulation of  SR,p, and cloud 
coverage. 
  The results obtained from the present study will significantly contribute to the 
overall understanding of global lightning and sprite activity and a possible link between 
global lightning and sprite activity and solar and geomagnetic activity. However, to 
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Global distribution of lightning flash rate obtained by the OTD on (a) August 1996 
and (b) January 1996.   
Schematic illustration of lightning-associated transient luminous events (TLEs) in 
the stratosphere, mesosphere and lower thermosphere.   
Schematic illustration showing waveguide propagation of ELF and VLF waves radi-
ated by lightning discharges.  
Schematic diagram of the ELF observation system.   
View of the BF-4 search coil magnetometers.   
View of the main amplifier  
Schematic diagram of electrical circuits inside the main amplifier  
View of the data recording  subsystem.   
Schematic diagram of the calibration  system.   
Plots of the calibration data. Red-, green-, and blue-colored solid lines correspond to 
sensitivity with gain levels of 20.0, 35.6, and 46.0 dB at the main amplifier, respectively. 
View of the Syowa station. Locations of the magnetometers at both islands are 
indicated by red dots. A dashed arrow and a solid line correspond to the trajectory
of the PCM telemetry and 630 m signal cables, respectively.  
(a) Example of transient SR waveforms observed at Syowa station at 13:07:25 UT 
on February 8, 2002. (b) Same as (a) except for orthogonal-transformed waveforms. 
(a) Plots of current moment spectrum derived from  Ho shown in Fig. 3.1 (b) (solid 
line) and a fitting curve (dashed line). (b) Plot of the estimated current moment 
waveform  
(a) Sprite image data obtained at YRFS at 04:04:12.434 UT on July 4, 2000. (b) 
Map showing the locations of YRFS and a sprite-inducing +CG. (c) Waveform plot 
of a sprite-related transient SR event observed at Syowa station. (d) Plots of the 
current moment spectrum derived from the transient SR wave (solid line) and the 
fitting curve (dashed line). (e) Plot of the current moment waveform derived from 





























Charge moment distribution of  CG discharges producing sprites above the US High 
Plains in summer.   
Time constant distribution of CG discharges producing sprites above the US High 
Plains in summer.   
Scatter plot of the charge moments versus the peak currents for 331 events of sprite-
inducing CG discharges.   
Scatter plot of the charge moments versus the decay time constants for 331 events 
of sprite-inducing  CG discharges  
(a) II—CCD image data obtained at  Iitate observatory at 13:39:24.37 UT on February 
5, 2003. (b) Map showing the locations of  Iitate observatory, Onagawa observatory 
and sprite-inducing +CG discharge. (c) Plot of a sprite-related transient SR event 
observed at Syowa station. (d) Plots of current moment spectrum derived from 
transient SR wave (solid line) and a fitting curve (dashed line). (e) Plot of a current 
moment waveform derived from the fitting  spectrum.   
Charge moment distribution of CG discharges producing winter sprites in Japan.   
Time constant distribution of CG discharges producing winter sprites in Japan.  .   
Scatter plot of the charge moments and peak current intensities of sprite-inducing 
 CG discharges.   
Scatter plot of the charge moments and decay time constants of sprite-inducing  CG 
discharges.   
Average lightning current waveforms for sprite-inducing CG discharges occurred in 
the US in summer, (red line) and in Japan in winter (blue line). Average values of 
peak current intensities and time constants listed in Table 3.4are indicated by  Ip and 
T with dotted lines.   
Averaged electric fields produced by sprite-inducing CG discharges above the US 
in summer (red line) and Japan in winter (blue line) and a plot of the breakdown 
electric field predicted by C.T.R. Wilson (dashed line) [Huang et  al.,  1999].  .  .  .  . 
Scatter plots showing the relation between charge moments derived from SR data 
and these from ELF sferics. Charge moments derived from ELF sferics data are 
estimated by accumulating current moment waveforms for 6 ms time intervals. .  . 
Example of a transient SR event observed on August 21, 2001. (a) Plot of the 
horizontal magnetic field at Syowa station for the time interval 16:51:38.56-40.06 
UT. (b) Same as (a) except for Onagawa observatory. (c) Plot of the horizontal 
magnetic field intensity for the time interval 16:51:38.96-39.16 UT. "dt" corresponds 

























Waveform plot of the H- and D-component magnetic field data for a transient SR 
event observed at Onagawa shown in Figure 4.1(b). Times t1 and t2 are the onset 
time of the transient SR event and the time when  dB/dt becomes 0 after the steep 
peak,  respectively.   
Lissajous plot of a transient SR event at Syowa (a) and Onagawa (b). Dashed and 
solid lines correspond to the polarization axis derived from the data points between 
t1 and t2 and the direction of the propagation path, respectively. The geographical 
north and east directions at each observation site are also indicated by arrows.  .  . 
Plot of the two great circles (solid lines) corresponding to the propagation paths of 
the transient SR event shown in Figure 4.1. A great circle derived from the time 
difference in the wave arrival dt is also plotted by a dashed line. The three points 
A, B, and C are the intersections of  these three great circles  
Map showing the locations of CG exciting transient SR waves detected at Syowa 
and Onagawa for a two-day period on August 2 and 3, 2001. Red and blue dots 
correspond to +CGs and -CGs, respectively. A great circle band indicated by 
symbol  "M" represents the region where CG locations can not be determined.  .  . 
Left (a)-(d): Global composite images of infrared (IR) cloud distributions observed 
by GMS, GOES, and METEOSAT spacecraft at 03, 09,15, and 21 UT on December 
4, 2001, respectively. Right (e)-(h): Global distributions of CG discharges detected 
at Syowa and Onagawa for the time interval 01-05, 07-11, 13-17, and 19-23 UT, 
respectively  
Charge moment distributions of CG discharges inducing transient SRs for the period 
between June 19, 2001 and January 20, 2002.   
Seasonal variations in charge moment distributions of CG discharges inducing tran-
sient SRs. (a) Northern summer for the period between June and August 2001 
(shaded bars) and estimated sprite occurrence numbers (open bars). (b) Northern 
fall for the period between September and November 2001, and (c) northern winter 
for the period between December 2001 and January 2002, respectively.   
Seasonal variations of the sprite occurrence regions. (a) The northern summer, (b) 
northern fall, and (c) northern winter.   
Maps of the sprite occurrence regions in (a) America and (b) Asia in northern sum-
mer, and (c) Africa in northern winter. The occurrence rates of sprites are estimated 
in the regions I, II, and III  
(a) Global distribution of CG discharges used for the estimation of the triangulation 
























Histogram of the estimated triangulation error. An average triangulation error is 
estimated to be 1.7 Mm  
(a) Charge moment distributions for  -CGs and +CGs (shaded bars) and estimated 
sprite occurrence rates (open bars) on September 15, 2001. Transient SR events 
with amplitudes larger than  7o-and  3o- standard deviations are selected for Syowa 
and Onagawa ELF data, respectively. (b) Same as (a) except for the event selection 
threshold:  3.7o- for Syowa data and  1.4o- for Onagawa  data.  
Example of one-day dynamic spectra of magnetic field waveform data obtained at 
Syowa station. Upper and lower panels represent the H- and D-component dynamic 
spectra on August 27, 2002, respectively.   
Schematic diagram showing a method to estimate the diurnal versus annual variation 
diagram of SR spectral power intensities. Calculation of the spectral powers at the 
first three resonance modes from the one-day H-component (a) and D-component 
(b) dynamic spectra. (c) Calculation and plot of the total spectral power intensity 
 Ptotal  
Diurnal versus annual variation diagram of SR spectral power intensities for the 
three-year period between February 2000 and January  2003.   
(a) Plot of daily mean values of SR spectral intensities. Red dashed line repre-
sents a running mean over 40 data points. (b) Short-term variations of SR spectral 
intensities calculated by subtracting the 40-day running mean from  (a).   
Plot of SR power spectrum. Spectral peaks (A), (B), and (C) correspond to the 
periods of 27.9, 11.3, and  ,4-6 days, respectively.   
(a) MEM power spectrum of  SR,pv. (b)-(h) Same as (a) except for the spectra of 
F10.7, CR, SSN, Kp, Dst, and MeV electron and ion fluxes, respectively. A spectral 
peak around  ,-,27-33 day period is indicated by an arrow in each figure  
Plots of  SR,p, (a) and sunspot number variation (b), and wavelet dynamic cross-
spectrum (c). Horizontal dashed lines in (c) and (d) show 25- and 30-day periods. 
Wavelet dynamic phase spectrum where the absolute phase difference  OSR —  OssNI 
is indicated by a blue-to-red color code  (d).   
Same as Figure 5.7(c) except for MEM dynamic cross spectrum (a) and MEM dy-
namic coherence (b) and phase spectrum (c). Values of coherence and absolute phase 
are plotted only in the region where the cross spectral value exceeds the 75 % level 
of the maximum value  
(a) Plots of coherence spectra between  SR,p, and  F10.7, CR, and SSN. (b) Same as 
























Plots of the normalized phase histogram between  S1Isp, and F10.7 (a), SSN (b), Kp 
(c), Dst (d), MeV ele. (e), and MeV ion (f) estimated by the MEM cross-spectral 
analysis, respectively.   
Schematic illustration of the two-scale-height conductivity profile.   
FFT power spectrum in the 5-11 Hz frequency range derived from Syowa ELF data 
at  0845-0900 UT on October 12, 2001 (solid line). A red line is a least-square fitting 
curve of the Gaussian function  
(a) Plot of the relative wave propagation velocity at each resonance frequency derived 
from Syowa ELF data at 0845-0900 UT on October 12, 2001. The values  (v/c),b, 
are indicated by the symbol  "*". A dashed line is the best fitting curve calculated 
by equations (5.4) and (5.5). (b) Same as (a) except for ELF data at 1845-1900 UT 
on February 1, 2002  
Plot of the estimated ionospheric reflection height h2 for the period between February 
1, 2001 and January 31, 2003.   
(a)-(c) Plot of the SR spectral power variation, F10.7, and the ionospheric reflection 
height, respectively. Note that these plots are obtained by subtracting 40 day running 
mean variations  
(a)-(c) MEM cross spectrum, coherence, and the normalized phase histogram for 
 SR,p, and the ionospheric reflection height, respectively. (d)-(f) Same as (a)-(c) 
except for the ionospheric reflection height and F10.7.   
(a) Plot of the satellite composite  IR cloud image in the latitudinal range from 30°S 
to 30°N at 06 UT on June 1, 2002. The regions where the cloud top altitude is >8 
km are overlaid by the blue-green-red color code. (b) Plot of the >8 km cloud top 
regions in the latitudinal range from 30°S to 30°N shown in (a). (c) Plot of the pixel 
number obtained by integrating (b) in the meridional  direction.   
(a) Plot of the day mean total pixel number where the cloud top altitude is >8 km in 
the latitudinal range from 30°S to 30°N. (b) Plot of the total pixel number obtained 
by subtracting 40 day running mean variation from  (a).   
(a)-(c) Plot of the average MEM cross spectrum, coherence and normalized phase 
histogram between  SR,p, and the >8 km tropical cloud coverage. (d)-(f) Same as 
(a)-(c) except for the MEM cross-spectral results between  SRsp, and the >10 km 
tropical cloud coverage.   
Plot of the oceanic (blue) and continental (red) cloud coverages where the cloud top 

















Same as Figure  5.19except for the cross-spectral results between  SRapt, and the con-
tinental cloud coverage ((a)-(c)) and the oceanic cloud coverage ((d)-(f)),  respectively.  11.0 
(a)-(c) Same as Figure  5.10except for the cross-spectral results between the >8 km 
tropical cloud coverage and CR, Kp and Dst, respectively.   111 
Schematic illustration showing the relationship between the cloud coverage and light-
ning activity. (a) In the case of the expanded cloud coverage and consequent light-
ning activity reduction. (b) In the case of the reduced cloud coverage and consequent 
lightning activity enhancement  113 
Schematic illustration showing the phase relationship between Kp, Dst (solid line), 
 SR,p, (red-colored solid line), and variation of the cloud coverage (blue-colored 
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1.1 Global Lightning Activity 
   Lightning has always produced fear and respect in mankind from ancient times, 
as is evident from the significant role played in the religions and mythologies  [Uman, 
 2001]. Though lightning is one of common phenomena in nature, the physical mech-
anisms of lightning had not been uncovered for a long time. At the end of the 18th 
century, it was firstly identified that lightning is a discharge process neutralizing elec-
tric charges which are generated by electrification process in thunderclouds. Since 
then, numerous experimental and theoretical studies of lightning discharges have been 
performed intensively. 
  Lightning discharges are classified into three types: "intracloud discharge" (IC), 
"cloud-to-cloud discharge" (CC), and "cloud-to-ground discharge" (CG). The most im-
portant process of lightning discharge is the CG "return stroke" which occurs quickly 
after the establishment of a high conductivity path between a thundercloud and the 
ground formed by a "stepped  leader". The return stroke is due to positive charges mov-
ing rapidly in the high conductivity path from the ground to a thundercloud to neu-
tralize the negative electric charges of the stepped leader and inside the thundercloud. 
This process is called negative cloud-to-ground (—CG) discharges. To the contrary, 
the process of positive cloud-to-ground (+CG) discharges whose return stroke is due 
to positive charges lowered from a thundercloud to the ground is still not fully under-
stood. It is found that the typical rising and falling times of the return stroke current 
for —CG discharges is  r•-,8 and 500  ps, respectively [Berger et al., 1975; Ogawa, 1995].
1
2 Chapter 1. General  Introduction
The return stroke currents are sometimes accompanied by "continuing  currents". In 
these cases electrical currents continue to flow through the cloud-to-ground channel for 
several tens to hundreds of ms  [Ogawa,  1995]. Both the return stroke currents and the 
continuing currents are responsible for the generation of powerful radio noise bursts 
over a wide frequency rage from a few Hz to several hundreds of MHz. Total processes 
in CG discharges are called as "flash" and has a typical duration of 0.1-1 s. 
   Past studies have attempted to estimate a global flash rate from ground-based 
optical and radio wave observation data. Brooks [1925] estimated that the global flash 
rate is  ,100 flashes/s on average. Since a sufficient sample of global lightning data had 
not been available until quite recently to test this flash rate, the value of  ,,./100 flashes/s 
was regarded as a standard for a long period. Recent advent of the satellite technology 
enabled us to measure global distributions of lightning flashes. Kotaki  and Katoh 
[1983] estimated a global flash rate of 63 flashes/s using data obtained by the radio 
frequency receivers on the Ionospheric Sounding Satellite-b (ISS-b) satellite. Mackerras 
et al. [1998] estimated a global flash rate of 65 flashes/s using data obtained by the 
ISS-b and Defense Meteorological Satellite Program (DMSP) satellites. However, it is 
suggested that the uncertainty in these estimates is a factor of two since those satellite 
data was acquired only on the night side with a poor spatial and temporal resolution. 
  The Optical Transient Detector (OTD) aboard the Microlab-1 satellite is one of the 
latest space-based instruments specifically designed to detect lightning flashes world-
wide on both the day side and the night side. Figure 1.1 shows the global distribution 
of the lightning flash rate obtained by the OTD in August 1996 and January 1996. 
It was found that lightning activity is particularly pronounced over the tropics and 
that  rs.,78  % of all lightning flashes occur between 30°S and 30°N latitude [Christian 
 and Latham, 1998; Christian et al., 2003]. It was also found that lightning activity is 
much greater over the land than over the ocean and that an average land/ocean ratio 
is  ,10:1. It was shown that the active regions of lightning occurrences are located in 
North and South America, Africa, Asia, South-East Asia and Australia. Using the 
OTD data, Christian et al. [2003] estimated the global flash rate to be 44+5 flashes/s. 
Similarly, using the Lightning Imaging Sensor  (LIS) aboard the Tropical Rainfall Mea-
suring Mission (TRMM) satellite, Ushio [2003] estimated the global flash rate to be 
 ,45  flashes/s. 
  Recently, these OTD and  LIS data are used to estimate the  effects of the global 
lightning activity on the global climate change. Reeve and  Tou,mi [1999] reported 
that changes in global lightning activity observed by the OTD are highly correlated 
with changes in global monthly land wet-bulb temperatures. From this analysis it was 
predicted that a change in the land wet-bulb temperature of 1 K would result in a 
change in lightning activity of  ,-,40 %.
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Figure 1.1: Global distribution of lightning flash rate obtained by the OTD on (a) August 1996 and 
(b) January 1996.
1.2 Transient Luminous Events: Sprites and Elves
  In the beginning of the 20-th century a possibility of electrical discharges above 
thunderstorms was predicted by Wilson [1925]. Though the existence of these dis-
charges was not recognized for a long time, a report made by Franz et al. [1990] 
brought explosive development to the studies of the transient luminous events (TLEs) 
occurring in the stratosphere, mesosphere and lower ionosphere above thunderclouds. 
During the test of a low-light-level television (LLTV) camera for a sounding rocket 
experiment, Franz et al. [1990] succeeded in capturing transient luminous glows above 
thunderclouds, named later as  "sprites"  [Sentman et al.,  1995]. After this discovery op-
tical and radio measurements of sprites have been carried out intensively in the United
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Figure 1.2: Schematic illustration of lightning-associated transient luminous events (TLEs) 
stratosphere, mesosphere and lower thermosphere.
in the
States. In the middle of 1990s other type of TLEs associated with lightning discharges 
such as  "elves" [Fukunishi et al., 1996] and "blue jets" was discovered [ Wescott et al., 
1995]. Numerous theoretical  models for the generation mechanisms of these TLEs were 
also intensively developed. Recently, a new type of electrical discharge which directly 
connects the thundercloud top to the lower ionosphere, called "gigantic  jets"  , was dis-
covered in the equatorial region [Pasko et al., 2002;  Su et al.,  2003]. Since all TLEs 
may have significant effects on the global atmospheric and electric environment, the 
importance of these events will be recognized further in the near future. Figure 1.2 is 
a schematic illustration showing a group of TLEs associated with lightning discharges.
Sprites 
  Sentman et al. [1995] and Lyons [1996] reported that transient luminous glows 
occur at the altitude range of  ,40-90 km in association with +CG discharges. They
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named these transient glows "sprites" because of their curious appearances and uncer-
tainty of their physical mechanism. From optical observations using LLTV cameras 
Sentman et al. [1995] demonstrated that sprites with a carrot-like structure consist of 
three portions: "head" which is the brightest part of sprites over the altitude range 
66-77 km, "hair" which is the faint diffuse glow above the "head" and "tendril" which 
contains fine structures blow the "head", respectively. Further, a different type of 
sprites characterized by a cluster of long vertical columns with km length and 
<1 km diameter was measured and named "columniform sprites" by Wescott et al. 
 [1998]. Watanabe [1999] clarified the  difference in space-time structures between the 
two types of sprites using multi-anode array photometer (MAP) data. Carrot sprites 
are characterized by upward development in the hair and head region and downward 
development in the tendril region. The time delay from the onset of causative CG 
discharges is distributed from 2 and 150 ms. On the other hand, columniform sprites 
are characterized by the downward development in the hair, head and tendril region 
and an almost constant time delay of  ,1 ms. Recently, the characteristics of the 
"hair" which is now called "sprite halo" were investigated in detail [Barrington-Leigh 
et al., 2001; Miyasato, 2002; Miyasato et al., 2002, 2003]. The characteristic altitude 
and speed of sprite halo are obtained:  r•-,80 km for the mean altitude,  ,86 km for 
the mean horizontal extent and  r  4.3  x104 km/s for the speed of descending motion. 
Major spectral features of sprites are characterized by red emissions from first positive 
(N2 1P) band [Mende et al., 1995; Hampton et al., 1996] and blue emissions from sec-
ond positive (N2 2P) band and first negative  (NE  1N) band  [Armstrong et al., 1998; 
Suszcynsky et  al,, 1998; Heavner et al.,  1998]. Using a data set obtained by two array 
photometers equipped with a red-filter (560-800 nm) and a blue-filter (350-500 nm), 
Miyasato et al. [2003] estimated the energies of electrons producing sprite halo. It 
was reported that the average electron energies are 3-10 and 4-10 eV for the assumed 
Maxwell-Boltzmann and Druyvesteyn distributions, respectively. 
  Based on theoretical modeling, several possible generation mechanisms of sprites 
have been proposed: one is the quasi-electrostatic (QE) model [Pasko et al., 1997], and 
another is the runaway electron model  [Bell et al., 1995]. After a sudden charge removal 
caused by +CG discharges large QE fields can be established in the stratosphere and 
mesosphere. Pasko et al. [1997] showed that the large QE fields induce significant 
heating and ionization in those regions, which result in the excitation of sprites. On 
the other hand, Bell et al. [1995] suggested that  ,--#1 MeV electrons produced by a 
cosmic ray shower are accelerated upward by the large QE fields induced after +CG
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discharges. They showed that the runaway electrons can produce optical emissions 
similar in intensity and spectra to those observed in sprites. However, a Monte Carlo 
simulation performed by Lehtinen et al. [1999] showed that the optical emissions 
produced by runaway electron breakdown are negligible compared to the emissions 
from QE type breakdown. An advanced electromagnetic model treating the effects 
of both electromagnetic pulses (EMPs) radiated by CG discharges and QE fields was 
developed by Veronis et al.  [1999]. Using this model Barrington-Leigh et al. [2001] 
showed that the sprite halo is produced by the QE fields. 
   Recently, optical instruments for sprite observations have made remarkable progress. 
Using a newly developed high-speed CCD camera with a 1 ms time resolution, space-
time structures of sprites and sprite halos were examined in detail [Stanley et al., 
1999; Moudry et al., 2002, 2003; McHarg et al.,  2002]. Moudry et al. [2002] showed 
that the velocity of sprite tendril is the order of 102 km/s. Using a new technique 
of the telescopic imaging with high spatial resolution, Gerken and  Inan [2002, 2003] 
demonstrated the existence of complex fine structures (streamers) with lateral extents 
ranging from tens of meters to a few hundred meters in the altitude range of  r‘,60-85 
km. Though sprites with sprite halos at the top occur in the mesospheric altitude range 
of  r•-/40-90 km, several large-scale discharge events, named as "gigantic  jets"  , branch-
ing upwards to an altitude of  ,,,90 km from the thundercloud top were quite recently 
discovered near the equatorial region [Pasko et al., 2002;  Su et al., 2003]. It was great 
surprise that there was no preceding lightning discharge for these jet events. Modeling 
methods also made remarkable progress. In order to simulate fine spatial structures of 
sprites and bursts of blue emissions, Pasko et al. [1998, 2000, 2001] developed a three-
dimensional fractal model. It was demonstrated that a large-scale volumetric shape of 
sprites is reproduced and that sprites generated by +CG and -CG are fundamentally 
asymmetrical. 
  Recently, Hiraki et al. [2002] demonstrated that sprites would chemically change 
the concentration of NOx and HOx in the mesosphere and lower thermosphere. It is 
speculated that the ionization processes related to sprites, sprite halos and gigantic jets 
are likely to have a significant chemical impact on the global atmosphere, particularly 
on the stratosphere and mesosphere [Pasko, 2003;  Nenbert,  2003].
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Elves 
  During the SPRITE'95 campaign carried out over the Great Plains in the United 
States, Fukunishi et al. [1996] discovered a new type of TLEs associated with intense 
lightning discharges, named as  "elves". Elves are ring-shaped  diffuse glows that expand 
horizontally with an apparent velocity over light speed in the lower ionosphere. It 
was found that elves occur  ,,,350  /Is after CGs and its duration is less than 1 ms 
[Fukunishi et  al.,  1996]. It was also found that the horizontal extent of elves is more 
than several hundreds of km and the altitude is  ,---)90 km [Uchida,  2000]. Using optical 
data obtained by red- and blue-filtered, two array photometers, the energies of electrons 
producing elves are estimated to be  ,20-40 eV for the assumed monochromatic energy 
distribution [Uchida,  2000]. 
  Results from a theoretical modeling revealed that elves are generated by the EMP 
launched from intense CG discharges  [Inan et al., 1996; Veronis et al.,  1999]. They 
showed that bright optical emissions at 80-90 km altitude are produced in a thin  (r,-,30 
km) cylindrical shell expanding to radial distances of up to  >150 km, lasting for  ,400 
 us, and appearing in limb-view as a thin layer with  ,400 km lateral extent. 
  Recently, Nagano et al. [20031 developed a new model to compute rigorous propa-
gation of EMP using a technique of a full-wave analysis. Computed results showed that 
an optical ring expanding horizontally over 200 km within <1 ms is created at the  al-
titude of 85-100 km. Using a hybrid model dealing with both QE and EMP processes, 
Rodger et al. [2001] showed that strong lightning EMP events can lead to significant 
     % or even more) increases in the electron density at the lower ionosphere, with 
the largest increase at  N90 km altitude.
1.3 Schumann Resonances
   Lightning discharges can radiate powerful radio noise bursts over a wide frequency 
range from a few Hz to several hundreds of MHz. However, most of the electromagnetic 
energy is radiated in the Very Low Frequency (VLF, 3-30 kHz) and Extremely Low 
Frequency (ELF, 3 Hz-3 kHz) bands since the time scales and spatial extent of the 
lightning currents are comparable to those of VLF and ELF waves. A pair of the 
highly conducting boundaries (the ground surface and the lower ionosphere) separated 
by non-conducting air forms a spherically concentric waveguide, known as the "Earth-
ionosphere  cavity". Electromagnetic waves radiated by lightning discharges reflect at
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Figure 1.3: Schematic illustration showing waveguide propagation of ELF and VLF waves radiated 
by lightning discharges.
these boundaries, and consequently they can propagate over long distance inside the 
cavity. Especially, radio atmospherics in the frequency range less than 50 Hz can 
circumnavigate the globe several times before they fully dissipate because of their 
extremely low attenuation rate (typically  N0.3 dB/Mm at 10 Hz) [Jones, 1967; Burke 
and Jones,  1996]. Then, interferences of these globally propagating waves result in 
cavity resonances. Since the earliest experimental detection of the cavity resonance 
was made by Schumann and  Konig [1954], this resonance was named as "Schumann 
Resonance" (SR). Figure 1.3 schematically illustrates the waveguide propagation of 
ELF and VLF waves radiated by lightning discharges. 
  The spectral structures of SR waves were reported by Balser and Wagner [1960] 
for the first time. It was found that the SR spectrum shows a harmonic structure at 
7.8, 14, 20, 26, 33, 39, and 45 Hz [Sentman,  1995]. The continuous SR waves with 
a typical amplitude of  N1  mV/m in the electric field or  r.3 pT in the magnetic field 
are a superposition of individual pulses arriving from random lightning flashes whose 
occurrence rate is about  r,-,50 flashes/s all over the world [Sentman, 1995; Belyaev et 
al.,  1999]. A number of different theoretical approaches have been made to describe 
the electric and magnetic field spectra and the spatial structure of the field in the SR 
band. Basically, the fields of SR waves are expressed as a single term in the residue 
series expansion that is so-called quasi-transverse electromagnetic (quasi-TEM) normal
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mode. Since 1960s, the simplest model of two spherically conducting shells separated by 
vacuum (slab ionospheric model) was used to solve these equations [Jones, 1967, 1970a, 
1970b; Nickolaenko and Rabinowicz, 1974; Jones and Joyce, 1989]. The resulting 
expressions for the electric and magnetic fields are written in terms of a complex 
propagation parameter  v, which gives the attenuation and phase velocity of the SR 
waves. It was shown that this modal eigenvalue was determined from the experimental 
data  [Barke and Jones,  1992]. In 1990s, a new boundary model for the ionospheric 
conductivity profile (two-scale-height conductivity model) was adopted to solve these 
normal mode equations more precisely [Sentman, 1990, 1996; Fiillekrug,  2000]. While 
the slab model is sufficient for many calculations of SR parameters, more realistic 
spatial distribution of the fields could be calculated by using this model. 
  Ogawa et al. [1966] reported that transient oscillations with a dominant frequency 
of Hz are occasionally observed. These transient SR waves, named as  "Q(quiet)- 
type burst" or "Q-burst", are characterized by a strong initial impulse and following 
damped oscillations with an exponential decay. While the amplitude of the continuous 
SR waves are about a few pT, the amplitude of these transient SR is a factor of 10 
or more greater than that of the continuous SR waves. Using electric and magnetic 
field waveform data obtained at five stations, Ogawa et al. [1967] demonstrated that 
Q-bursts were detected simultaneously worldwide. Although  Q--bursts were thought 
to be cavity excitations from extremely large lightning discharges, this has not been 
verified for a long period since simultaneous optical observations of specific source 
lightning discharges were not performed. 
  Though numerous studies on SR waves have been performed by many researchers, a 
report made by Williams [1992] turns great attention to the SR studies again. Williams 
 [1992] investigated a correlation between the monthly mean variations of the SR mag-
netic field amplitude at 8 Hz detected at Kingston, Rhode Island and the monthly 
mean fluctuations of the dry-bulb temperature in tropical regions. It was found that 
these two variations are highly correlated. Price [2000] analyzed ELF data obtained 
at Arrival Heights, Antarctica and the data sets of the upper-tropospheric water vapor 
(UTWV) that has a significant impact on the greenhouse effect. It was found that the 
cross-correlation  coefficient between a modulation of the magnetic field amplitude at 
10 Hz and a variation of the UTWV is 0.85. Further,  Scitori and Zieger [1999] reported 
that the frequency and amplitude modulations of SR waves observed at Nagycenk, 
Hungary were closely related to the global shift of the lightning locations, which was
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caused by El  Niik. and La  Nina.  From these results it was suggested that single-
station measurement of the SRs can provide a valuable real-time diagnostic of both 
deep convection in the tropical atmosphere and global climate change. 
   Since the first image of sprites appearing above thunderclouds was captured by 
Franz et al. [1990], observations of SR waves excited by the sprite-inducing CG dis-
charges have been intensively carried  out, Boccippio et al. [1995] analyzed electric and 
magnetic field data in the frequency range of SR band obtained at Rhode Island and 
found that transient SR events (Q-bursts) were coincident with sprite events detected 
by a LLTV camera at the midwestern US. Using the National Lightning Detection 
Network (NLDN) lightning data, it was firstly identified that large +CG discharges 
that occurred in large thundercloud systems, known as mesoscale convective systems 
(MCSs), generated both Q-bursts and sprites.  Fiillekrug et al. [1996] found that 
Q-bursts generated by large +CG discharges that induced sprites in the US were mea-
sured at Hollister, Germany. Further,  Fiillekrug and Reising [1998] analyzed Q-burst 
events detected at Hollister and found 80 % of these events were related to the occur-
rence of sprites. Using SR data obtained at three stations in the US, Germany and 
Australia, locations of intense CG discharges that excited Q-bursts were triangulated 
 [Fiillekrug and Constable, 2000]. It was demonstrated that some of these triangulated 
CG discharges had a capability to generate sprites. 
  Recently, a method to estimate CG locations from transient SR data obtained at a 
single station was developed by several researchers [Boccippio et al., 1998; Belyaev et 
al., 1999; Burke and Jones,  1995]. From the two horizontal magnetic and one vertical 
electric field measurements in the SR band, both the Poynting vector (P E x B) 
which determines a direction of the wave propagation and the wave impedance (Z = 
 Ez1.110) which determines a distance from the observer to the CG location can be 
calculated. It was shown that CG locations were estimated with a mean accuracy of 
1-2 Mm by using this geolocation method. Recently, a refined method to estimate 
CG locations was developed by Price et al.  [2002]. Using both VLF data to obtain 
a bearing angle of the wave propagation and ELF data to obtain a distance between 
a source and a receiver, it was shown that the CG location producing sprites were 
estimated with an average error of  ,0.2 Mm.
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1.4 Purpose of This Thesis 
   After the finding of sprites generated by intense CG discharges in 1989, optical and 
electromagnetic instruments for sprite measurements have been intensively operated 
worldwide. However, the characteristics and electromagnetic energy of sprite-inducing 
CG discharges have not been fully understood. In addition, the global distributions 
of sprite occurrence rates and locations have not been estimated. Moreover, possible 
mechanisms of the link between global lightning and sprite activity and solar and 
geomagnetic activity are still open questions. 
   Schumann resonance (SR) waves are a powerful tool which can monitor global 
lightning and sprite activities as described in Section 1.3. The monitoring of SR waves 
was carried out for the last few decades. However, most of the past SR data have 
been acquired at observation sites located in the northern hemisphere. In order to 
establish a global network of stations for SR monitoring, it is essential to set up a new 
observation site in the southern high latitude. 
  The purpose of this thesis is to investigate the physical processes of global lightning 
and sprite activity changes and their dependences on solar and geomagnetic activity 
changes. This study focuses on four subjects: 1) development of a new ELF observation 
system for SR monitoring and its continuous operation, 2) basic characteristics of CG 
discharges inducing transient SR waves and sprites, 3) global occurrence rates and 
locations of sprites, and 4) possible mechanisms of the link between global lightning 
and sprite activity and solar and geomagnetic activity. We developed a new ELF 
observation system and have carried out continuous monitoring of 1-100 Hz waveform 
at Syowa station in Antarctica, which is the first routine operation in the Antarctic 
region. We also installed this observation system at Onagawa observatory in Japan 
to achieve triangulation of sprite occurrence regions. We analyzed ELF magnetic field 
waveform data obtained at Syowa station and Onagawa observatory for the period from 
February 2000 to January 2003 and compared with solar and geomagnetic activity data. 
  This dissertation is composed of 6 chapters. Chapter 2 describes the performance 
of the developed ELF observation system and the data sets used in this study. The 
operation of this observation system at Syowa station and Onagawa observatory is also 
presented. 
  In Chapter 3, the methods of charge moment estimation from SR waveform data are 
presented. The charge moment distribution of sprite-inducing CG discharges occurring 
in the US in the summer season is compared with those occurring in Japan in the
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winter season. The relationship between the charge moment distributions of these CG 
discharges and the structures of thunderclouds is discussed. 
  In Chapter 4, a triangulation method to geolocate intense CG discharges excit-
ing transient SR waves is presented. Using this method, global occurrence rates and 
locations of sprites are derived from Syowa and Onagawa SR data. Errors in the trian-
gulation method and the assumed empirical sprite initiation probability are discussed. 
  Chapter 5 describes characteristic periodicities in global lightning activity derived 
from SR data. The 27 day modulation of global SR activity is shown. The cross spectral 
analyses between SR activity and solar and geomagnetic activity are performed. The 
method to estimate the ionospheric reflection heights of SR waves and their results 
are also shown. It is shown that the  27—day modulation of global lightning and sprite 
activity are not produced by the ionospheric reflection height variation. 
  Finally, the summary and conclusions of this dissertation and the suggestions for 
future works are presented in Chapter 6.
Chapter 2
Observations of Schumann 
Resonance
   In order to measure electromagnetic waves in the frequency range of 1-100 Hz, we 
have developed a new ELF observation system in 1999 at Tohoku University. Using 
this system continuous monitoring of ELF waves has been carried out at Syowa station, 
Antarctica since February 2000 and at Onagawa observatory, Japan since June 2001. 
  In this chapter, the developed ELF observation system is described in detail first. 
Then, the calibration method and the installation and operation of this system at 
Syowa station and Onagawa observatory are described.
2.1 Observation System
   The ELF observation system consists of search coil magnetometers, a main am-
plifier and a data recording subsystem. A block diagram of this system is shown in 
Figure 2.1. We used two orthogonal search coil magnetometers to detect the geomag-
netic north-south and east-west components of horizontal magnetic field perturbations. 
Output signals from these magnetometers are transmitted to the main amplifier. Then, 
output signals of the main amplifier and IRIG-E time code produced by a GPS clock 
are digitally recorded with a sampling frequency of 1000 Hz or 400 Hz continuously.
2.1.1 Search Coil Magnetometer 
   The amplitudes of continuous and transient SR waves are typically a few and sev-
eral tens of pT, respectively. In order to detect such weak magnetic field perturbations,
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Figure 2.1: Schematic diagram of the ELF observation  system.
Figure 2.2: View of the BF-4 search coil magnetometers.
we used BF-4 search coil magnetometers (Electromagnetic Instruments) as a detector. 
A view of the BF-4 magnetometers is shown in Figure 2.2. The BF-4 sensor consists 
of two winding coils: a main winding coil and a feedback winding coil. Output sig-
nals from these two coils are amplified by a pre-amplifier equipped inside the BF-4 
sensor. This pre-amplifier needs an electric current of 12 mA at DC  ±12 V. Since 
the sensitivity of the main winding coil is reduced by the feedback winding coil in the 
frequency range of 0.2-500 Hz, the total sensitivity of BF-4 is stable and flat within 
+0.1 dB. In this frequency range the BF-4 sensor has a very high sensitivity of 0.30 
mV/pT. The sensitivity below 0.2 Hz, however, decreases linearly with decreasing fre-
quency and is 1.52 mV/pT/Hz on average. In the frequency range above 500 Hz, its
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Figure 2.3: View of the main amplifier.
sensitivity decreases very sharply. It is important to note that the phase response of 
the BF-4 sensor is stable and flat within +1 degree in the frequency range of 0.2-500 
Hz. Further, the noise level is quite low, typically less than 10-2 pT2/Hz in the same 
frequency range. These specifications of the sensor enable us to measure SR waveforms 
with a high signal to noise ratio keeping an input/output phase relation. 
  The two winding coils and the pre-amplifier of BF-4 sensor are sealed inside a 
fiberglass tube and are waterproofed. The length, diameter and weight of the BF-4 
sensor are 142 cm, 6 cm, and 7.9 kg, respectively.
2.1.2 Main Amplifier 
   Output signals from the search coil magnetometers are transmitted to the main 
amplifier through signal cables. The amplitudes of SR waves detected by the search 
coil magnetometers are usually less than a few tens of mV. Since the level of these 
signals is too low, it is necessary to amplify the signals by the main amplifier to a level 
suitable for the input dynamic range of an analog-to-digital (A/D) converter installed 
at the data recorder. 
  A view of the main amplifier (Tohoku Electric Industrial, TLG-98) and a schematic 
diagram of the electrical circuits are shown in Figures 2.3 and 2.4, respectively. This 
main amplifier consists of three parts: two amplifiers, two band-pass filters and three 
notch filters. As shown in Figure 2.4, signals from the magnetometers are amplified
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Figure 2.4: Schematic diagram of electrical circuits inside the main amplifier.
at two steps by Amp. #1 set up forward of the band-pass filter and Amp. #2 set 
up backward of the notch filters. It is possible to change the gain levels of these two 
amplifiers independently. By selecting these two gain levels, signals can be amplified 
with a gain of 6 to 66 dB. The band-pass filter consists of a Bessel-type, 2nd-order 
high-pass filter  (HPF) with a cutoff frequency of 1.0 Hz and a Bessel-type, 8-th order 
low-pass filter (LPF) which reduces sensitivity sharply above the nyquist frequency 
of A/D sampling. The cutoff frequency of this LPF can be selected out of 100 and 
400 Hz. The three notch filters are necessary to reject power line noises. The central 
rejection frequencies of these filters are 50, 100, and 150 Hz with selectable attenuation 
levels of —30, —40, and —60 dB. If the levels of power line noises are sufficiently low, 
the function of the notch filters is stopped. 
  This main amplifier works with a +12 V DC power supply for the pre-amplifier 
inside the search coil magnetometer. The DC power is supplied to the pre-amplifier 
through signal cables.
2.1.3 
  The 
receiver
Data Recorder Subsystem 
data recording subsystem consists of a personal computer (PC) and 
as shown in Figure 2.5. This PC contains an A/D converter board,
 a  GPS 
a SCSI
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View of the data recording subsystem.
board, a CD—ROM drive, a FD drive, and a DVD—RAM drive. In order to keep a stable 
and continuous data recording, we adopted Windows NT 4.0 as the operating system 
of PC. The GPS receiver (Echo Keisokuki,  GP-10TK3) can produce  1—pps ignal 
and IRIG—E time code with a time accuracy less than 0.1 ms. The A/D converter 
(Contec, AD16-16(PC)EH) that has  16—bit resolution and a dynamic range of ±10 
V is controlled by a sampling software. This sampling software enables us to select 
a sampling frequency of 400 or 1000 Hz. Since the A/D converter uses  1—pps ignal 
as a trigger signal for 400 or 1000 Hz sampling, the timing and the sampling rate are 
highly accurate. Output signals from the search coil magnetometers and IRIG—E time 
code signals from the GPS receiver are digitally sampled simultaneously. The number 
of data files a day is 1440 with one data file every one minute. Using a serial link of 
the PC, file names are correctly labeled with sampling software and time code from 
the GPS receiver. Waveform data are stored on a hard disk drive (HDD) of the PC 
temporally, and finally stored on DVD—RAM disks. When waveform data are acquired 
with a sampling rate of 400 Hz, the amounts of one-day and one-year data are  ,,,400 
MB and  ,--,150 GB, respectively.
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2.2 Calibration 
   In order to convert voltage data into magnetic field intensity data, it is necessary 
to accurately calibrate the whole observation system including the search coil magne-
tometers, signal cables, main amplifiers and data recording subsystem. We carried out 
calibration of the ELF observation system at Onagawa observatory in Japan. Figure 
2.6 shows a schematic diagram of the calibration system. The calibration coil is a 
2000-turned solenoid coil whose length, diameter and inductance are 69.8 cm, 204 cm, 
and 4.38  x10-5 H, respectively. The output from a signal generator (SG) is supplied 
to the calibration coil through a —20 dB attenuator, an ammeter for measurement 
of electric currents in the calibration circuit, and a 100  1d2 resistor. The search coil 
magnetometer is set up inside the calibration coil. Output signals from the search 
coil magnetometer are amplified by the main amplifier. The voltage output of the 100 
 162  resister in the calibration circuit as well as the output of the main amplifier are 
digitally sampled by the ELF data recording subsystem. Simultaneously, these two 
outputs are monitored by a digital oscilloscope. We used  20-mVp_p sine curve signals 
for calibration. 
  We carried out two kinds of calibration for the ELF observation system: one for 
the frequency dependence of sensitivity and the other for the linearity of sensitivity at 
various gain levels of the main amplifier. First, output signals from the main amplifier 
are measured by changing the frequency of the SG signal from 0.1 to 220 Hz. Note 
that the gain level of the main amplifier was fixed at the same level in this calibration. 
 Secondly, the frequency of the SG signal is set at 10.0 Hz since this frequency is far 
both from the  1.0-Hz cutoff frequency of HPF and the rejection frequency of the 50-Hz 
notch filter in the main amplifier. Then, output signals from the main amplifier are 
measured by changing the gain level from 6 to 66 dB. These results are plotted in Figure 
2.7. In this figure red-, green-, and blue-colored solid lines correspond to sensitivities 
with gain levels of 20.0, 35.6, and 46.0 dB at the main amplifier, respectively. The 
sensitivities in the frequency range of 2-30 Hz and at three gain levels are 3.0, 18, and 
60 mV/pT on average, respectively.
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Figure 2.7: Plots of the calibration data. Red-, green-, and blue-colored solid lines correspond to 
sensitivity with gain levels of 20.0, 35.6, and 46.0 dB at the main amplifier, respectively.
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2.3 Installation and Operation at Syowa 
Antarctica
Station,
   As described in Section 1.3, the amplitude of SR waves is typically a few pT in 
the frequency range of 8-60 Hz. Since there are strong power line noises and other 
artificial noises in this frequency range, it is essential to measure SR waves in an 
electromagnetically quiet environment. One of the suitable places for SR observations 
is the Antarctic. There are three reasons for the selection of the Antarctic. First, it is 
easily possible to avoid power line noises and artificial noises because there is almost 
no human activity in this region. Secondly, it is easy to measure SR waves without any 
contamination from local lightning activities, since there is no lightning activity  in the 
Antarctic. Thirdly, SR observations in the Antarctic contribute to the construction of 
a global observation network for monitoring lightning activities. Most of SR waveform 
data have been obtained at observation sites in the northern hemisphere. In contrast, 
no SR data have been obtained in the southern hemisphere. Our observations are the 
first continuous monitoring of SR waveforms in the Antarctic. 
  From these reasons, we constructed a monitoring station for ELF waveforms at 
Syowa station (69.018°S, 39.506°E), Antarctica in February 2000 [Sato and  Fukunishi, 
2003; Sato et  al., 2003], and then continuous waveform data have been obtained. Two 
orthogonal horizontal search coil magnetometers, 100 m signal cables and a main am-
plifier were installed at the remote station in West Ongul Island that is located  ,5 
km southwest from Syowa station to avoid man-made electromagnetic interferences. 
These two magnetometers are oriented in the geomagnetic north-south direction (H— 
component) and the east-west direction (D—component). The declination angle be-
tween the geographical north and the geomagnetic north is —48.5°. Output signals 
from these sensors are transmitted to a main amplifier installed at the telemetry house 
in West Ongul Island through 100 m signal cables and are amplified with a gain of 38.1 
dB. Note that three notch filters installed in the main amplifier were not operated since 
the noise level at West Ongul Island was low enough and that the cutoff frequency of 
the LPF was set at 400 Hz. Output signals from the main amplifier are transmitted to 
a PCM encoder that has an input voltage range of ±2.5 V and 10—bit resolution. Then, 
these PCM signals are transmitted to Syowa station by a PCM telemetry in the VHF 
band. At Syowa station in East Ongul Island these telemetry signals are converted 
from digital to analog signals by a PCM decoder at the data processing building. These 
analog signals are amplified again with a gain of 12.0 dB by a digital-to-analog (D/A)
Chapter 2. Observations of Schumann Resonance 21
Table 2.1: Operation parameters of the West Ongul ELF observation system.
Parameters 2000/2/16 - 2001/1/26 2001/1/26 -
Sampling Freq. 1000 Hz 400 Hz
Sensitivity 96 mV/pT 96  mV/pT
Amp. Gain 38.1 dB 38.1 dB
Amp. LPF 400 Hz 100 Hz
Amp. Notch Filter OFF OFF
Data Storage CD-R (650 MB) DVD-RAM (5.2 GB)
converter of the PCM decoder. Finally, these output signals from the PCM decoder 
are digitally sampled by a 16—bit A/D converter of the data recording subsystem that 
is installed at the data processing building with a sampling rate of 1000 Hz. The cal-
ibrated sensitivity of the observation system is 96 mV/pT in the frequency range of 
2-200 Hz. These waveform data are stored on 650 MB CD—R disks. The amounts of 
one-day and  one-year data are  i1.1 GB and  ,--,400 GB, respectively. 
  We changed the sampling frequency of the data recording subsystem from 1000 
Hz to 400 Hz and the cutoff frequency of the main amplifier from 400 to 100 Hz on 
January 26, 2001. Note that the  sensitivity of the ELF observation system was not 
changed. As a data storage device, a DVD—RAM drive was newly installed in the data 
recording subsystem. Since February 1, 2001 ELF waveform data in the frequency 
range of 1-100 Hz have been continuously acquired up to now. Waveform data have 
been stored on 5.2—GB DVD—RAM disks. The amounts of one-day and one-year data 
are  ,-,400 MB and  ,,,150 GB, respectively. Operation parameters of the West Ongul 
ELF observation system are summarized in Table 2.1. 
  As a backup system, the same ELF observation system was installed near Syowa 
station in East  Ongul Island and was operated for the period between February 21, 
2000 and December 17, 2000. Two horizontal (H— and  D—component) search coil 
magnetometers were installed at  r•-,600 m east from Syowa station. In this system 
output signals from these sensors are transmitted through  630—m signal cables to the 
main amplifier and data recording subsystem installed at the data processing building. 
At the main amplifier signals from the sensor are amplified with a gain of 49.5 dB. 
Then, waveform data are acquired with a sampling rate of 1000 Hz by a 16—bit A/D 
converter and are stored on 650 MB CD—R disks. The sensitivity of the observation 
system is 90 mV/pT.
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re :  the Syowa station. Locations of the magnetometers at both islands are indicated 
  t . ed arrow and a solid line correspond to the trajectory of the PCM telemetry and 
630 m signal cables, respectively.
  Figure 2.8 shows a view of Syowa station from an airplane. West and East Ongul 
Islands locate at the upper and lower parts of the figure, respectively. The locations 
of the magnetometers at both islands are indicated by red dots. A red-colored dashed 
arrow from the sensor location in West Ongul Island to the data processing building 
represents a path of PCM telemetry, while a red-colored solid line in East Ongul Island 
represents a path of the  630—m signal cables.
2.4 Installation and Operation at Onagawa Obser-
    vatory, Japan 
  It is essential for positioning of intense lightning discharges and associated op-
tical transient events in the mesosphere to carry out multipoint observations of SR 
waves. From this reason the same type of the ELF observation system was installed
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Table 2.2: Operation parameters of the Onagawa observation system.
Parameters 2001/6/19 -
Sampling Freq. 400 Hz
Sensitivity 60 mV/pT
Amp. Gain 46.0 dB
Amp. LPF 100 Hz
Amp. Notch Filter ON (-60 dB at 50, 100, 150 Hz)
Data Storage DVD-RAM (9.4 GB)
at Onagawa observatory (38.433°N, 141.483°E) in Japan on June 19, 2001 [Sato  and 
Fukunishi, 2003]. Two horizontal search coil magnetometers (H- and D-component) 
were installed at  ,,,200 m south from the main building at Onagawa observatory. Note 
that the declination angle between the geographical north and the geomagnetic north 
is  -7.7°. Output signals from these sensors are transmitted to the main amplifier 
through 200 m signal cables and then amplified with a gain of 46.0 dB. It should be 
noted that the three notch filters for rejecting power line noises at 50, 100, and 150 Hz 
are used in this system. Output signals from the amplifier are digitally sampled by a 
16-bit A/D converter with a sampling rate of 400 Hz. These waveform data are stored 
on 9.4 GB DVD-RAM disks. The sensitivity of the observation system is 60 mV/pT 
in the frequency range of 2-90 Hz. Operation parameters of the Onagawa observation 









   The most possible sprite generation model is based on quasi-electrostatic (QE) 
fields produced above a thundercloud [Pasko et al., 1997]. A sudden removal of electric 
charge from a thundercloud to the ground establishes large QE fields that accelerate 
electrons and induce conventional breakdown in the altitude range from 40 to 90 km. 
Since the amplitude of the QE fields is proportional to the amount of charge removed 
by cloud-to-ground (CG) discharges, the charge moment of the CG discharges that is 
given as the product of charge (Q) and the vertical channel length of CG discharges 
(dl) is an essential parameter in the sprite generation model. 
  In order to investigate the characteristics of sprite-inducing CG discharges, electro-
magnetic observations were intensively carried out mainly in the US. Using ELF—VLF 
sferic data, Cummer and  Inan [1997] developed a method to estimate charge moments 
of sprite-inducing CG discharges. It was reported that charge moments of 11 positive 
CG (+CG) discharges producing sprites in summer of the US have values between 
150 to 1100  C•km  [Cummer and Stanley, 1999]. Assuming an altitude of 10 km for 
the initial location of charge removal, the total charge transfer of  6 sprite-inducing 
lightning currents were estimated to be in the range from 25 to 325 C during the first 
5 ms of the discharges [Cummer and  Inan,  1997]. Huang et al. [1999] developed a
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method to estimate charge moments of sprite-inducing CG discharges using electric 
and magnetic field waveform data in the frequency range of Schumann resonance (SR) 
bands. It was found that CG discharges with a positive polarity have charge moments 
in the range from 200 to 2000  C•km. Huang et al. [1999] suggested that the estimated 
charge moments are generally sufficient to account not for conventional air breakdown 
but for runaway air breakdown at the sprite altitude. 
  Recent optical observations revealed that sprites occur not only in the US but also 
worldwide, and that sprites occur not only in summer but also in winter. In order to 
clarify the characteristics of sprite-inducing CG discharges during the winter season 
at Hokuriku, Japan, Hobara  et al. [2001] analyzed electromagnetic waveform data in 
the ELF range. It was presented that CG discharges for 10 sprite events have charge 
moments of 260-875  C.km. It was suggested that an electric charge of 52-175 C is 
removed by those CG discharges by assuming that the lightning channel length is 5 
km which is a typical cloud top altitude of winter thundercloud in Japan. 
  Since these results are based on case studies of limited data sets, the full charac-
teristics of sprite-inducing  CG discharges are still unknown. Moreover, differences in 
the charge moments of sprite-inducing CG discharges during the summer and winter 
seasons are not fully investigated. Recent studies of thunderclouds by in-situ balloon 
measurements revealed that the altitude where charge removal initiates is much lower 
than the cloud top of thunderstorm. These results may imply that the  amount of charge 
removal due to the sprite-inducing CG discharges is not so accurately estimated in the 
previous studies. 
  In this study, we developed a technique to estimate the charge moment and the 
decay time constant of lightning current using ELF magnetic field waveform data ob-
tained at Syowa station in Antarctica and Onagawa observatory in Japan. We analyzed 
Syowa ELF data for 331 sprite events identified from imaging observations at Yucca 
Ridge Field Station (YRFS), Colorado during the Severe Thunderstorm Electrification 
and Precipitation Study (STEPS) 2000 campaign. We also analyzed Syowa and On-
agawa ELF data for 42 sprite events identified during the winter sprite campaign in 
Japan. From these data sets we statistically investigated the distributions of charge 
moment and time constant values of sprite-inducing CG discharges. Further, we made 
a comparison between charge moment values and lightning peak current intensities 
measured by the National Lightning Detection Network (NLDN) and the Japanese 
Lightning Detection Network (JLDN). Then, using the results from the balloon obser-
vation of thunderclouds reported by  Stolzenburg et al. [2001], Marshall and Stolzenburg
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[2001], and Takahashi et al. [1999], we deduced the amount of total charge transfer of 
sprite-inducing lightning currents. From these data we discussed the characteristics of 
the sprite-inducing CG discharges and the generation mechanisms of sprites. 
  In Section 3.2, we introduce a method to estimate the current moment spectrum, 
charge moment and time constant of lightning currents from ELF waveform data. In 
Section 3.3, distributions of charge moment and time constant values for sprite events 
observed in the US summer campaigns are presented. A comparison between charge 
moment values and NLDN peak current intensities are also presented. In Section 3.4, 
we present the distribution of charge moment and time constant values for winter time 
sprite events in Japan and compare charge moment values with JLDN peak current 
intensities. In Section 3.5, we discuss the characteristics of sprite-inducing lightning 
currents and a relation of thunderstorm systems to lightning charge transfer processes. 
Finally, a summary and conclusions derived from these analyses are presented in Sec-
tion 3.6.
3.2 Technique of Charge Moment Estimation 
3.2.1 Electric and Magnetic Field of Schumann Resonances 
  A number of different theoretical approaches have been made to describe the elec-
tric and magnetic field of SR electromagnetic waves propagating through the Earth-
ionosphere cavity. One of these theories was developed by Wait [1962] based on the 
mode theory, in which the electric and magnetic field can be expressed by a summation 
of normal modes in the cavity. Wait [1962] mathematically solved the wave equation 
of these fields assuming that electromagnetic waves generated by a vertical electric 
dipole current propagate in two spherically concentric conducting shells separated by 
a vacuum. In this study we use his electric and magnetic field model to estimate charge 
moments from ELF waveform data. Detailed procedures to solve the wave equation 
are summarized in Appendix A. Here we give an outline in the following. 
  Assuming that all quantities vary as  e', the electric and magnetic field can be 
expressed by the Maxwell's equations as, 
 V  x  E  =  —iwii0H 
                                                 (3.1) 
                      V x  H  =  iwc0E  +  J
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where E and H are the electric and magnetic field at a point (r, 8,  0), respectively,  w 
is the angular frequency, and  [to and  co are the magnetic permeability and the dielectric 
permitivity of free space, respectively. J is the current density of an external vertical 
source located at (a, 0, 0), a being the Earth's radius. From the waveguide mode 
theory waveguide, the general field H and E are represented by expansions of normal 
modes as, 
                      H =  >anHn 
 n (3.2) 
                         E =  ,3nEn, 
where n is the mode number,  Lin and  En are the  n-th normal modes of the cavity, 
and  an and  j3, are the associated coefficients. 
  In the frequency range of SR bands only electromagnetic waves of the zero-order 
transverse magnetic (TM0) mode characterized by non-zero field components  Er,  E0, 
and  Ho can propagate in the Earth-ionosphere cavity. Since the vertical electric field, 
however, dominates in the whole volume of the cavity (i.e.  Er >> E0), these fields 
are regarded as the quasi-transverse electromagnetic (quasi-TEM) mode [Nickolaenko 
and Hayakawa,  2002]. At the surface of the Earth the electric field is radial. So, the 
angular dependence of the fields must be proportional to the Legendre polynomials 
 Pn  (cos  0) written as, 
 En(0) =  C,Pn(cos  0) (3.3) 
where  Cn is a constant of proportionality, and  8 is an angular distance between 
the source current and an observer. We consider the spherically concentric Earth-
ionosphere cavity separated by a vacuum, which is characterized by the perfect reflec-
tor at the ground surface and the finite dissipation at the surface of the ionosphere. 
Assuming that the surface impedance of the ionosphere is a constant scalar function 
of frequency Z(w), the coefficients of the normal modes  an and  On can be obtained as, 
 i(2n  +  1) Wn 
 an =Idl(w)                        47reoha2Cnwn2 —  w  2  + wjeli_47c• 
 (3.4)  i(2n  1)  w  + icZ(w)          —  Id1((.4)) 
 4+ icZh(w)                            7coha2C„u .)2(.4)2 
where h is the altitude of the ionosphere,  wn is the angular frequency of the n-th normal 
mode, c is the light speed, and  Id1(.ii) is the complex current moment spectrum of the 
source current.
Chapter 3. Charge Moment Estimation 29
  Now, we consider the modal eigenvalue v. This propagation parameter can be 
written as,                      2icZ(w)v(v  +1)  =(.4)a'(1(koaS)2 (3.5)   c)                                   wh 
where  ko =  w  lc is the wave number, and S is the complex index of refraction [Jones, 
 1970a]. In the mode theory a central problem is to determine the value of S for specified 
boundaries because the propagational attenuation rate a and the phase velocity ratio 
 c/Vph are determined by S [Jones, 1999]. Finally, we obtain the electric and magnetic 
field of SR electromagnetic waves by using these equations, which are written as, 
              —  iidl(w) v(v  +  1)(2n + 1)          Er= 
                 47rE0ha2w n(n + 1)— v(v + 1)Pn(cos B) 
        Idl(w)  2n + 1(3.6) 
     =   P1(cos 0) 
                  471-ha n(n1) —  v(v  +1)n 
where the sum runs over n = 1, 2,  3, 
  Expressions of the fields as sums over Legendre polynomials in equation (3.6) con-
verge very slowly [Sentman,  1995]. Numerical routines to estimate rapidly these Legen-
dre and associated Legendre functions were developed by Jones [1970a,  1970b], Nick-
olaenko and Rabinowicz [1974], Jones and Joyce [1989], and Jones and Burke [1990].
3.2.2 Estimation of Current Moment Spectrum 
   The electric and magnetic fields of SR waves are functions of the current moment 
Idl(w) of the source current and the angular distance 0 between the lightning source 
current and an observer as shown in equation  (3.6). If the propagation parameter v is 
determined, we can estimate complex current moment spectra of lightning discharges 
from electric or magnetic field waveform data. The fields constituting the mode can be 
decomposed into up-going and down-going waves whose wave normals make a complex 
mode eigenangle  en, with the normal to the boundary [Jones, 1999]. The complex 
index of refraction S(= sin  n) can be expressed as, 
 c 5.49a)  S  — Vphf —  i (—(3.7) 
where a is the propagational attenuation rate,  Vph is the phase velocity, and f is the 
frequency.
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  The most convenient procedure to estimate the refraction index S is to fit published 
data for the dependence of a and  clVph to an analytic function [Jones,  1999].  Ishaq 
and Jones [1977] analytically estimated a and  eiVph as a function of the frequency 
shown in equation (3.8), 
                  = 1.64 — 0.1759(ln f)0.0179(ln f)2 
   V ph (3.8) 
                    a = 0.06310.64  .
Huang et al. [1999] used (3.5), (3.7), and (3.8) to estimate current moments of light-
ning discharges generating transient SR waves. In this study we used these analytical 
functions to estimate current moments from the magnetic field waveform data obtained 
at Syowa station and Onagawa observatory. 
  As mentioned in Section 1.3, background SR waves are a superposition of individual 
pulses arriving from random lightning flashes whose global occurrence rate is  —'50 
flashes/s. Since this reason, it is generally hard to identify individual lightning locations 
from background SR waves. On the other hand, transient SR waves with a typical 
amplitude of  r•,100 pT are excited by intense lightning discharges. It is usually easy to 
identify their parent lightning discharges using data sets provided by various lightning 
detection networks such as National Lightning Detection Network (NLDN). Since we 
can estimate the angular distance 0 in these cases, it is possible to estimate the current 
moments of parent lightning discharges. 
  At Syowa station magnetic field perturbations in the geomagnetic north—south (BH) 
and geomagnetic east—west (BD) direction are continuously measured. From these 
data horizontal magnetic fields that correspond to parallel and perpendicular with 
the wave propagation direction (H0,  Ho) can be obtained by the following orthogonal 
transformation, 
                119) 1 ( cos /9GC  sin79Gc)  ( By  (3.9) 
 /lo  sin79Gc  os  /)GC  BD) 
where  VG, is the bearing angle of the CG location from the magnetic north. Then, 
we select  Ho data for a time interval of 1 sec from 0.1 ms before the onset time of 
each transient SR wave. After the  Ho data are multiplied by the Hanning function, we 
calculate power spectrum with the fast Fourier transform (FFT) method. Assuming 
that the Earth radius a is 6371 km and that the altitude of the ionosphere h is 80 
km, we readily obtain the current moment spectrum from equation (3.6) by a running 
summation of the normal mode up to n = 32,000.
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Figure 3.1: (a) Example of transient SR waveforms observed at Syowa station at 





  Figure 3.1(a) shows waveforms of a transient SR event detected at Syowa station at 
13:07:25 UT on February 8, 2002. In this figure BH and BD are plotted with the unit of 
pT. From the Japanese Lightning Detection Network (JLDN) data it is found that the 
CG discharges exciting this transient SR event occurred at  37.84°N and 137.58°W. The 
bearing angle  VG, and the angular distance 0 are estimated to be 130.05° and 127.77°, 
respectively. Figure 3.1(b) shows waveforms of orthogonal-transformed magnetic field 
 (H0,  Ho) for this transient SR event with the unit of  A/m. The estimated current 
moment spectrum of this event is plotted in Figure  3.2(a) with solid lines. 
  The same estimation technique can be applied to waveform data obtained at On-
agawa observatory. It should be noted that the declination angle between the geo-
graphical north and the geomagnetic north is -48.5° at Syowa and -7.7° at Onagawa, 
respectively.
3.2.3 Estimation of Charge Moment and Time Constant 
   A technique to estimate the charge moment from the current moment spectrum was 
presented by Huang et al. [1999]. In their method a current moment waveform with 
an exponential decay constant is assumed for the source current of CG discharges. The 
current moment spectrum derived from a modeled current moment waveform is fitted 
to that derived from observed magnetic field waveform data. In this study we used the 
same method developed by Huang et al. [1999] for the charge moment estimation.
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Figure 3.2: (a) Plots of current moment spectrum derived from  Ho shown in Fig. 3.1 (b) 
line) and a fitting curve (dashed line). (b) Plot of the estimated current moment waveform.
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  Though the time evolution of the lightning currents is not so simple, we assume 
that the lightning current producing transient SR waves has a single exponential form 
in the time domain as, 
 Idl(t) =  Iodl  • exp  (—t/r) (3.10) 
where  /0d1 is the current moment at t = 0, and T is the time constant of the exponential 
decay. We convert this waveform into the complex spectrum in the frequency domain 
by applying the Fourier transforms, as shown in equation (3.11), 
             Idl(f) = ./0d1(3.11)                              i - 27r f +117- 
  In order to perform the fitting, we need to change the complex Fourier transform 
given by equation (3.11) into a current moment power spectrum as, 
                    127r21 2 
       ) 
                                                 (3.12)                  Idl(f)12 = AjfAT 
where A is equal to  10d1. This equation can be writes as, 
 y  =  cix  ±  C2 (3.13)
Chapter 3. Charge Moment Estimation 33
where, 
                   y =  1/1Idl(f)12 
 x f2 
                                                 (3.14)                         = (27r/A)2 
 c2 =  (1/A-02  . 
Then, this current moment power spectrum is fitted to  Idlob,.(f) derived from the 
observed magnetic field waveform data. 
  Based on the least-squares fitting method, we can calculate a value by summing 
the squares of differences between the modeled spectrum and the observed spectrum, 
as given by equation (3.15), 
 A =  Ekn2ob..(f)  —Idl(f) . (3.15) 
The best-fitting parameters of  Iodl and  T can be obtained where  A becomes the mini-
mum [Burke and Jones, 1996]. From equation (3.14),  Iodl and  T are readily obtained 
as, 
 27r 
 Iodl  A  =  [A•m] 
                                                 (3.16)             1FI
 7  =  ——[s]  . 
 27rc2 
The decay time constant of lightning current is generally very short compared with 
that of SR waves, except for the case of very long continuing currents. In this case we 
can easily estimate charge moments, as written in equation  (3.17). 
                   =  (10)41  =  Q•d1 . (3.17)
  Figure 3.2(a) shows plots of the current moment spectrum  Idlobs.(f) derived from 
 Ho data (solid line) and the modeled current moment spectrum  Idl(f) (dashed  line). 
Its fitting was performed using spectral data in the frequency range of 3-90 Hz. Figure 
3.2(b) shows a plot of the estimated current moment waveform. In this event  Iodl and 
 T are estimated to be  1.2x  105  A•km and 8.9 ms, respectively. From these values the 
charge moment of parent CG is estimated to be 1061  C-km.
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3.3 Charge Moments of Summer Sprite Events 
   In the period between May 22 and July 15, 2000 the Severe Thunderstorm Elec-
trification and Precipitation Study (STEPS) 2000 campaign was carried out over the 
High Plains in the US. During this campaign many sprites and elves were observed 
above large thundercloud systems called mesoscale convective systems (MCS). In or-
der to investigate the characteristics of sprite-inducing CG discharges above the High 
Plains in simmer, we analyzed ELF data obtained at Syowa station. Charge moments 
and decay time constants of these CG discharges are estimated by the methods pre-
sented in Section 3.2. The peak current intensities of sprite-inducing CG discharges 
obtained from the NLDN data are compared with the values of charge moment and 
time constant. 
  The primary goal of the STEPS 2000 campaign is to achieve a better understand-
ing of the dynamical, microphysical and electrical processes of severe thunderstorms 
 [Weisman and Miller,  2000]. The primary instruments include the Doppler radars for 
wind and precipitation measurements, aircrafts for in-situ microphysical observations, 
3-D lightning mapping system, balloons for electrification measurements, ground-based 
optical instruments, and radio receivers for electromagnetic measurements. 
  One of the STEPS purposes is to clarify the characteristics of CG discharges which 
do, and do not, produce sprites and elves [Lyons et al., 2000]. In order to detect sprites 
and elves, ground-based optical measurements were carried out at YRFS (40.7°N, 
104.9°W) using low-light television (LLTV) cameras and photometers. Image data of 
LLTV cameras were recorded on S-VHS video tapes with a time resolution of 16.7 
ms. An accurate time code produced by a GPS receiver was also recorded on the 
video tapes with image data. During this campaign several hundreds of sprite and elve 
events were detected at YRFS. 
  At Syowa station (69.0°S, 39.5°E) in Antarctica, separated  ,--,16,300 km from YRFS, 
we conducted ELF observations during this campaign. Horizontal magnetic field wave-
form data were continuously acquired with 16-bit resolution and a sampling rate of 
1000 Hz. These data were stored on 650 MB CD-R disks.
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3.3.1 Distribution of Charge Moments and Time Constants 
   An example of a sprite event and a related transient SR event is shown in Figure 
3.3. Figure 3.3(a) shows an image-intensified video image of a sprite event detected at 
04:04:12.434 UT on July 4, 2000. From the NLDN data it is found that CG discharge 
inducing this sprite event occurred at 04:04:12:418 UT at a location (41.6°N, 98.3°W) 
and that the polarity of this CG discharge was positive. A map in Figure 3.3(b) 
shows the locations of YRFS and the sprite-inducing +CG discharge. The distance 
between the CG location and the video camera location was 561 km. Figure 3.3(c) 
shows the waveform plot of  Ho measured at Syowa station in the time interval of 
04:04:11-14 UT. It is found that an intense transient SR event with an amplitude of 
    pT was detected at 04:04:12.485 UT. The time difference between the CG onset 
and the transient SR onset is 67  ms. Since the distance between the CG location and 
Syowa location is 16.11 Mm,  an expected time delay is estimated to be 67 ins if the 
propagation velocity of the wave is 0.8c as suggested by  Fiillekrugand Reising  [1998]. 
This value is consistent with the observed time delay. Further, a negative impulse at 
the beginning of the transient SR event implies that the polarity of the CG discharge 
that excited this transient SR event is positive if the CG occurred in the US. From 
these facts it is deduced that both the sprite event detected at YRFS and the transient 
SR event measured at Syowa were generated by the same +CG discharge. 
  A solid line shown in Figure 3.3(d) is the current moment spectrum derived from 
the waveform data between 04:04:12.35 and 04:04:13.35 UT shown in Figure 3.3(c). 
The frequency resolution of this spectrum is 1.0 Hz. A dashed line in Figure 3.3(d) 
shows the fitting curve of the modeled lightning current moment spectrum. Since the 
cutoff frequencies of the low-pass and high-pass filters in the ELF observation system 
are 400 and 1.0 Hz, respectively, the spectrum data between 3-200 Hz were used for the 
fitting. From the best-fitted curve shown in Figure 3.3(d) the current moment  (10•1) 
and the time constant  (T) of the lightning current were estimated to be  2.91x105  A•km 
and 10.39 ms, respectively. Figure 3.3(e) shows the current moment waveform derived 
from the fitting spectrum. From two parameters of  10•1 and  T, the charge moment of 
this event was estimated to be 3017  C•km. 
  The characteristics and the scales of the thunderstorm are different day by day. 
In order to estimate distributions of charge moments and time constants statistically, 
we analyzed 331 sprite-related transient SR events observed in a period between May 
26 and July 22, 2000. From the NLDN data it was found that the polarity of sprite-
inducing CG discharges was positive for all events. Table 3.1 lists the date and number























































Figure 3.3: (a) Sprite image data obtained at  YRFS at 04:04:12.434 UT on July 4, 2000. (b) Map 
showing the locations of  YR.FS and a sprite-inducing  +CG. (c) Waveform  plot of a sprite-related 
 transient SR event observed at Syowa station. (d) Plots of the current moment  spectrum derived 
from the transient SR. wave (solid line) and the fitting curve (dashed line). (e)  Plot, of the  current 
moment waveform derived from the fitting spectrum.
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Table 3.1: List of the date, event number of sprites, average charge moment, and average time 
constant for analyzed 331 events.
Date Event Number Ave.  Q•c11  (C•km) Ave.  r  (ms)
2000/ 05/ 26 22 897 6.29
2000/ 05/ 27 23 1383 13.79
2000/ 05/ 30 41 729 8.54
2000/ 06/ 01 2 814 9.23
2000/ 06/ 12 5 585 5.12
2000/ 06/ 20 28 777 6.64
2000/ 06/ 23 57 741 9.48
2000/ 06/ 25 5 277 0.82
2000/ 06/ 30 18 549 7.56
2000/ 07/ 03 18 600 12.51
2000/ 07/ 04 54 1302 8.25
2000/ 07/ 06 4 525 3.49
2000/ 07/ 19 12 511 4.87
2000/ 07/ 22 42 940 9.47
of sprite events analyzed in this study. The average charge moment and the average 
time constant of sprite-inducing CG discharges are also listed. It is found that the 
sprite-inducing CG discharges have average charge moment values in the range of  270-
1400  C•km. The average decay time constant is estimated to be in the range of 0.8-13.8 
ins. Figure 3.4 shows a histogram of the estimated charge moments. It is found that 
the distribution of charge moments has its peak at 250-500  C•km  and that the average 
charge moment for all events is 876  C•km. It is important to note that there is a high 
charge moment "tail" in this distribution. It is found that 24 events of +CG discharges 
had charge moments over 2000  C•km. Figure 3.5 shows a histogram of the decay time 
constants of lightning currents. It is found that there is a steep peak at 1-5 ms  in 
this distribution and that the average time constant is estimated to  be 8.63 ms. There 
are some events which have very long decay time constants over 30 ms, which may be 
related to long continuing currents.
3.3.2 Comparisons Among Charge Moments, NLDN Peak  Cur-
      rents and Decay Time Constants
   There are two parameters that characterize the scale of lightning currents: one 
is the charge moment  (Q•d/) and the other is the peak current  (4). In order to
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Figure 3.7:  Scatter plot of the charge moments versus the decay time constants for 331 events of 
sprite-inducing CG discharges.
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investigate the generation mechanisms of sprites, it would be important to study a 
relation between the lightning peak current and the charge moment since the peak 
current and the charge  moment are related to the amplitude of the electromagnetic 
pulse (EMP) and that of the QE field, respectively. In this study we compared charge 
moment values derived from Syowa ELF data with NLDN peak current data. It is 
suggested that the detection efficiency of NLDN exceeds 90 % on average throughout 
the US and that the spatial and temporal accuracies are  ,--,500 in and less than 1.0  ins, 
respectively. The peak current data are provided by NLDN in terms of the normalized 
magnetic signal strength  ( Mr)  . In this work, we obtain  4 from the  Mp using the recent 
calibration results  [Moue et al.,  1993], which demonstrated that  Ip can be obtained as, 
 4  =  4.20  +  0.171  X  Mp . (3.18) 
  Figure 3.6 is a scatter plot showing the relationship between charge moments and 
peak currents for 331 events of sprite-inducing +CGs. A solid line represents a fitted 
linear function obtained by the least-squares method which is given as y =  0.04x  +1.64. 
Note that x and y are  log(Q-c//) and  log(4), respectively. From this figure, it is 
clear that charge moments and the peak currents of sprite-inducing CG discharges are 
scarcely correlated. A cross correlation coefficient between them is estimated to be 
only 0.06. 
  Further, we performed a cross correlation analysis between charge moments and 
decay time constants of lightning currents. Figure 3.7 is a scatter plot showing the 
relationship between these two parameters. A solid line is a fitted linear function given 
as y  = 1.07x — 2.34, where x and y are  log(Q•d/) and  log(T). A cross correlation 
 coefficient between them is estimated to be 0.75. From these results it is apparent that 
charge moments and decay time constants are highly correlated.
3.4 Charge Moments of Winter Sprite Events in 
    Japan 
  It is known that strong lightning discharges occur in the winter season locates the 
coastline of Japan. Since 1998 our Tohoku University group has carried out campaign 
observations of sprites with optical instruments every winter. Up to 2003, we captured 
 r•-,70 sprite events that occurred in the Hokuriku region and above the Pacific Ocean. 
The characteristics of these winter sprites are summarized by Fukunishi et al.  [20021
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Table 3.2: Summary of winter sprite campaigns in Japan .
Periods Observation Sites Instruments Sprite Event Number




Dec. 2001 — Feb. 2002 Site #2, #3 20
Jan. — Feb. 2003 Site #3 10
Site #1: Tohoku University (38.3°N, 140.9°E) Site #2:  Iitate Observatory (37.7°N , 140.7°E) 
Site #3: Gunma University (36.3°N,  139.0°E)
and Takahashi et al. [2003]. In order to investigate the generation mechanisms of 
sprites, we compared the charge moments and the peak currents of CG discharges 
 producing summer sprites with those producing winter sprites. Moreover, we compared 
the structures of thunderclouds in summer with those in winter. We analyzed 42 winter 
sprite events observed during the winter sprite campaigns in 2000/2001, 2001/2002, 
and 2002/2003. Using corresponding ELF waveform data obtained at Syowa station 
and Onagawa observatory, we estimated the charge moments and time constants of CG 
discharges inducing these sprites. Further, we compared the obtained charge moments 
and time constants with peak currents provided by JLDN. 
  As summarized in Table 3.2, winter sprite campaigns were carried out for these 
winter seasons: January to February 2001, December 2001 to February 2002, and 
January to February 2003. In these campaigns an image-intensified CCD  (II-CCD) 
camera and a multi-anode array photometer (MAP) were used to detect transient 
optical flashes in  r'40-90 km altitude.  An orthogonal loop antenna for measuring 
ELF/VLF sferics was used for pointing the optical instruments at sprites. These optical 
and radio wave measurements of sprites and causative CG discharges were operated at 
three sites: Tohoku University (38.3°N, 140.9°E),  Iitate observatory (37.7°N, 140.7°E), 
and Gunma University (36.3°N, 139.0°E). 
  The II-CCD camera is composed of an objective lens (Nikon f=24  mm/F=2.0), an 
image intensifier, and a CCD with a field of view  (FOV) of 30° (horizontal direction) 
x 40° (vertical direction). Panchromatic II-CCD image data are recorded on S-VHS 
tapes at a video frame rate of 60 fields/s with GPS IRIG-E time code. Output signals 
from the VLF receiver and GPS IRIG-E time code signals are digitally sampled by a 
12-bit analog-to-digital (A/D) converter with a sampling rate of 20 kHz. 
  At Syowa station (69.0°S, 39.5°E) in Antarctica and Onagawa observatory (38.4°N, 
141.5°E) in Japan, magnetic field waveform data and GPS IRIG-E time code signals
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are digitally sampled by a 16—bit A/D converter at 400 Hz sampling frequency. Note 
that the bandwidth of the observation system is 1.0 to 100 Hz. In the observation 
system at Onagawa observatory three notch filters with a gain of —60 dB at 50, 100, 
and 150 Hz are used in the main amplifier. Though we use ELF data at both sites 
to triangulate the locations of sprite-inducing CGs, we use only Syowa ELF data to 
estimate charge moments. Since the distances between the locations of CG discharges 
inducing winter sprites and Onagawa observatory are very short, the estimation error 
of charge moments becomes large. This is because a finite summation of the n—th 
normal mode in equation (3.6) affects the estimation results significantly in the case 
of the short angular distance  [Sentman,  1996].
3.4.1 Distributions of Charge Moments and Time Constants 
   An example of an winter sprite event and its related transient SR waves is presented 
in Figure 3.8. Figure 3.8(a) shows an II—CCD image obtained at  Iitate observatory at 
13:39:24.35 UT on February 5, 2003. From JLDN data it is found that a sprite-inducing 
CG discharge occurred with a positive polarity of CG at 13:39:24.34 UT at a location 
(34.6°N, 139.6°E). A map in Figure 3.8(b) shows the locations of a sprite-inducing CG 
discharge,  Iitate observatory and Onagawa observatory. It is found that a cluster of 
columniform sprites occurred  ,,,360 km south-southwest from  Iitate observatory above 
the Pacific Ocean. Figure 3.8(c) is a plot of  Ho waveform data obtained at Syowa 
station in the time interval  13:39:23.0-26.0 UT. It is found that a transient SR event 
occurred at 13:39:24.415 UT. At Onagawa observatory a corresponding transient SR 
events was also observed (not shown). As shown in Figure 3.8(c), a positive impulse 
at the beginning of the transient event implies that the polarity of the parent CG is 
positive if this CG occurred near Japan. The time difference between the onset time of 
the transient SR event and that of the +CG is estimated as 75 ms. Since the distance 
between Syowa and the location of +CG is 1.40 Mm, an expected time difference is 58 
ms if the propagation speed of SR waves is  0.8c. Though there is a 17 ms difference 
between the two onset times, this difference is within the estimation error. All  these 
facts imply that the transient SR observed at Syowa was excited by the +CG discharge 
that induced a sprite event in Japan. 
  A solid line in Figure 3.8(d) shows the current moment spectrum derived from 
Syowa ELF data for the time interval  13:39:24.3-25.3 UT. Since the cutoff frequency of 
the high-pass and low-pass filters in the main amplifier are 1.0 and 100 Hz, respectively,
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Figure 3.8: (a) II-CCD image data obtained at  Iitate observatory  at. 13:39:24.37 UT on February 5, 
2003. (b) Map showing the locations of  Iitate observatory,  Onagawa. observatory and sprite-inducing 
+CG discharge. (c) Plot of a sprite-related transient. SR event observed at Syowa station. (d) Plots 
of current  moment spectrum derived from transient  SR. wave (solid line) and a fitting curve (dashed 
line). (e)  Plot of a current  moment waveform derived from the fitting spectrum.
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Table 3.3: 
constant.
List of analyzed date, event number of sprites, average charge moment, and average time
Date Event Number Ave.  Q•d1  (C•km) Ave.  T  (ms)
23 Jan. 2001 3 619 10.14
29 Jan. 2001 4 397 7.03
30 Jan. 2001 5 675 8.06
28 Dec. 2001 1 369 4.86
29 Dec. 2001 6 336 6.24
8 Feb. 2002 13 544 11.09
28 Jan. 2003 2 767 20.16
5 Feb. 2003 8 505 9.39
the current moment spectrum between 3 and 100 Hz is used for the fitting as shown by 
a dashed line in Figure 3.8(d). The best-fitting parameters of  /0•d/ and  r are estimated 
to be 5.30  x104  A•km and 23.27 ms, respectively. From these parameters it is found 
that the charge moment of the sprite-inducing +CG discharge is 1232  C•km. 
  We analyzed 42 sprite events in total and estimated charge moments of parent 
CG discharges. Table 3.3 lists the date, event number, average charge moment, and 
average time constant of analyzed events. It should be noted that the detection rate of 
winter sprite events is much less than that of summer sprite events in the US  (cf., Table 
3.1). It is found that the charge moment and time constant of CG discharges inducing 
winter sprite events are in the range of 330-770  C•km and 4-20 ins, respectively. 
  Figure 3.9 shows the charge moment distribution of 42 winter sprite events. It is 
found that the charge moment distribution peaks in the range of 500-750  C•km and 
that the average charge moment of all events 520  C•km. It is also found that the 
number of winter sprite events whose charge moments exceed 750  C•km is much less 
than that of summer sprite events (compare Figure 3.9 with Figure 3.4). Though the 
distribution of charge moment for summer sprite events extends to the range over 1000 
 C•km as shown in Figure 3.4,  there are no events whose charge moments exceed 1250 
 C•km for winter sprite events. 
  Figure 3.10 is a histogram of decay time constants for sprite-inducing CG dis-
charges. It is found that the distribution has a peak at 1-5 ms, and a gentle descent 
toward 20-25 ms. The average time constant is 9.54  ms, which is comparable to the 
average time constant of summer sprite events  (r = 8.63  ms). It is important to note 
that both the winter sprite events and the summer sprite events have similar time 
constant distributions in the range longer than 1 ins (compare Figure 3.10 with Figure
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 Figure 3.9: Charge moment  distribution of  CG discharges producing winter sprites in Japan. 
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 3.5). The lack of events in the range < 1 ms in Figure 3.10 may be caused by a fact 
that a number of winter events analyzed is not enough compared with the number of 
summer events.
3.4.2 Comparison Between Charge Moments and JLDN Peak 
      Current Intensities and Decay Time Constants 
   The data sets of lightning location, occurrence time, peak current and polarization 
of each event are provided by JLDN in the same way of NLDN. JLDN can detect 
lightning discharges around Japan with a time accuracy of 0.1  ps and with an  estima-
tion error of  r•,10 m. The data of lightning peak current intensities are provided with 
an accuracy of 1 kA. The JLDN data provided peak current intensities of 19 events 
out of 42 CG events inducing winter sprite events. Figure 3.11 shows a scatter plot 
showing the relation between the charge moments derived from the Syowa ELF data 
and the peak current intensities given by the JLDN data. It is found that peak current 
intensities range from 30 to 200 kA. A solid line shown in this figure is a linear function 
fitted by the least-squares method as y =  0.11x + 1.64 where x and y are  log(Q•d/) 
and  log(/p), respectively. It is clear that the distributions are widely scattered and 
are similar to the distributions of summer sprite events shown in Figure 3.6. A cross 
correlation coefficient is quite low with a value of 0.16. 
  In the same way, we performed the cross correlation analysis between charge  mo-
ments and decay time constant. Figure 3.12 show a scatter plot of charge moments 
versus decay time constants for 42 winter sprite events. A solid line shows a fitted 
linear function represented as y = 1.04x — 1.91. It is found that these two parameters 
are highly correlated with a cross correlation  coefficient of 0.80.
3.5 Discussion
3.5.1 Characteristics of Sprite-Inducing Lightning Currents 
   In Sections 3.3 and 3.4 we estimated charge moments and decay time constants of 
CG discharges producing summer sprites in the US and winter sprites in Japan using 
ELF data. Peak current intensities of these CG discharges are also obtained from the 
NLDN and JLDN data. Average values of these parameters with standard deviations
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Table 3.4: List of average peak current  (In), charge moment  (Q•(11) and decay time constant  (r). 
The standard deviation  (a) for each parameter is also listed.









are summarized in Table 3.4. It is found that the average peak current intensity of 
summer sprite events is slightly smaller than that of winter sprite events with a factor 
of  ,0.7. The average decay time constant of 8.63 ms for summer sprite events are 
comparable with the result estimated by Huang et al.  [1999]. One interesting feature 
is that the average decay time constants are almost equal for summer and winter sprite 
events. 
  From these facts the averaged waveforms of lightning currents are schematically 
illustrated in Figure 3.13. Since the decay time constants are estimated by fitting 
model lightning current moments to observed current moment spectrum, lightning 
current waveforms are assumed as an exponentially decaying curve. A red line shown 
in Figure 3.13 corresponds to a lightning current waveform for summer sprite events 
in the US, while a blue line corresponds to that for winter sprite events in Japan. As 
shown in this figure, absolute values of lightning current intensities for the summer 
sprite events are slightly smaller than those for the winter sprite events. Since the 
accumulation of lightning currents in the time domain becomes electric charges lowered 
from a thundercloud to the ground, the sprite-inducing CG discharges in summer in 
the US must have smaller (or comparable) amounts of electric charges than those in 
winter in Japan. 
  Since the peak current intensities are distributed in the same amplitude range as 
shown in Figures 3.6 and 3.11, differences in standard deviations for summer and winter 
sprite events are only a factor of L2 as listed in Table 3.4. However, it should be noted 
that the standard deviation of the decay time constants in the US is bigger than that 
in Japan with a factor of  ,2. This fact implies that there exist CG discharges having 
not only very short decay time constants but also very long decay time constants which 
would be related to continuing currents as suggested by Reising et al.  [1996]. 
  Though the peak current intensities are not so different, the average charge  mo-
ments are quite different with values of 876 and 520  C•km for summer and winter
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Figure 3.13: Average lightning current waveforms for sprite-inducing CG discharges occurred in the 
US in summer, (red line) and in Japan in winter (blue line). Average values of peak current intensities 
and time constants listed in Table 3.4 are indicated by  I, and T with dotted lines.
sprite events, respectively. Moreover, a difference in these standard deviations is large 
(factor of  ,--,3) as listed in Table 3.4. The large standard deviation in the US case may 
be due to a large scattering of the decay time constants. Since the charge moment 
is the product of the amount of charge and the altitude from which the charge is re-
moved, the lightning channel lengths in the summer US case may be longer than those 
in the winter Japan case. In order to clarify this prediction, we compared the charge 
moments with the structure of charge distribution in a thundercloud obtained by a 
recent balloon measurement in Section 3.5.2. 
  It is considered that sprite emissionsare generated by the collision process between 
neutral particles and electrons accelerated by the QE field in the altitude range of 
 ,40-90 km. Pasko et al. [1997] showed that the simulated optical emission intensities 
corresponding to a fast  (r-il ms) removal of 100-300 C of thundercloud charge from the 
10-km altitude (i.e., 1000-3000  C•km) are in good agreement with observations of the 
upper part of the sprites, such as "head" or "sprite  halo". It was suggested that the 
removal of larger amounts of charge  (,-,400 C) over longer times  ('10 ms) from the  10-
km altitude (i.e.,  ,,,4000  C•km) may lead to the formation of streamer-type channels 
of breakdown ionization at altitude  f-,50-70  kin [Pasko et al., 1996,  1997]. However,
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Figure 3.14: Averaged electric fields  produced by sprite-inducing CG discharges above the US in 
 summer (red line) and Japan in winter (blue line) and a plot of the breakdown electric field predicted 
by C.T.R. Wilson (dashed line) [Huang et  al., 1999].
charge moment values used in those models are relatively high compared with the 
charge moment values estimated in this study. In Figure 3.14 the breakdown electric 
field predicted by C.T.R. Wilson is plotted by a dashed line which was presented in 
Figure 2 of  Huang et al.  [1999]. The electric field above thunderclouds generated by 
CG discharges is given as, 
 1  Q•dl 
         E  ,  — (3.19) 
 471E0 r3 
where E is the electric field created by CG discharge with a charge moment  Q•dl,  co 
is the dielectric permitivity, and  r is the altitude from the ground surface. Using this 
equation, electric fields created by average sprite-inducing CG discharges in the winter 
Japan case and the summer US case are plotted by blue and red curves, respectively. 
From this figure it is clear that the electric field produced by CG discharges that have 
charge moments of 876 and 520  C•km can exceed the breakdown electric field in the 
altitude range over  ,,,80 km. This fact implies that not only the QE mechanism but 
also other mechanisms may be needed for sprite generation over the altitude range of 
 ,,,40-90 km.
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3.5.2 Thunderstorm Systems and Sprite-Inducing Lightning 
      Charge Transfer 
  Locations where lightning discharges start inside thunderclouds are not fully un-
derstood. In order to deduce the electric charge (Q) from the charge moment  (Q•dl), 
the channel length of a CG discharge (dl) is usually assumed as the cloud top altitude. 
For example, the channel length of CG discharges above the US in summer is regarded 
as 10 km which is the typical cloud top altitude of the anvil region in MCS  [Curnmer 
and  Man, 1997; Huang et  al., 1999]. Hobara et al. [2001] used dl  = 5 kin to estimate 
the electric charge of CG discharges inducing winter sprites in Japan. However, recent 
in-situ balloon observations and ground-based VHF interferometer measurements of 
thunderstorms revealed that the charge distribution inside thunderclouds is very com-
plicated and that the channel length of CG discharges is much lower than the cloud 
top altitude [Stolzenburg et al., 2001, 2002; Marshall and Stolzenburg, 2001; Takahashi 
et al., 1999; Morimoto and Kawasaki,  2003]. 
  Stolzenburg et al. [2001] and Marshall and Stolzenburg [2001] measured the detail 
structure of electric fields in MCS by balloon sounding measurements above the US 
High Plains in summer. They found that multiple layers with negative and positive 
charge exist in both convective and stratiform regions. It is deduced that +CG dis-
charges that occur in the stratiform region start at  N4 km altitude. On the other 
hand, Takahashi et al.  [1999] measured electric charge on particles for winter cumulus 
clouds in the Hokuriku region by using videosondes. It is found that space charge 
distribution in the thunderclouds shows a  tri-pole structure and that negative charge 
is predominant at km altitude, while positive charge is predominant blow km. 
 Morimoto and Kawasaki [2003] demonstrated that winter CG discharges start at an 
altitude of 1.75 km using data of VHF interferometer measurements. 
  Using these results and charge moments derived from SR data, we estimated average 
values for the charge of sprite-inducing CG discharges in the summer US and the winter 
Japan cases. As shown in Table 3.4, the average charge moment for summer sprite 
events is 876  C•km. Assuming that the channel length of CG discharges dl is 4 km, 
the average electric charge is estimated as 219 C. On the other hand, since the average 
charge moment for winter sprite events is 520  C•km, the average electric charge is 
estimated as 260 C. From these results it is found that the electric charge has almost 
the same values for summer and winter sprite events. 
  There are greater pools in the stratiform region of MCS, where positive charge is 
distributed. Since the horizontal and vertical scales of thunderclouds in the winter
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Japan case are much smaller than those of MCS, occurrence rates of sprite-inducing 
+CGs in winter may  be less than the summer US case. This may produce a large 
difference in sprite occurrence rates.
3.5.3 Charge Moments Derived from Schumann Resonances 
     and ELF Sferics
   In order to validate the estimation method of charge moments from SR data, we 
performed a cross-calibration between our results and the charge moments derived 
from ELF sferics data for sprite-inducing CG discharges during the STEPS campaign, 
which were performed by our colleague at Duke University, USA. Estimation of charge 
moments using ELF/VLF sferic waveforms of causative lightning discharges is now a 
well-established method  [Cummer, 1997;  Cummer and  Inan,  2000]. From ELF sferic 
data current moment waveforms are estimated first. Then, charge moment is deduced 
by accumulating the current moment waveform in the time domain. We performed the 
cross-calibration for totally 112 sprite events: 22 events on May 30, 2000, 43 events on 
June 23, 2000, and 47 events on July 4, 2000. 
  Figure 3.15 shows scatter plots showing the relation between charge moments de-
rived from SR data and these from ELF sferic data. Charge moments derived from 
ELF sferics data are estimated by 6  ms accumulation of current moment waveforms 
(Courtesy of Dr. S. Cummer). In this figure a solid line corresponds to a linear function 
fitted by the least-square method, and the linear function is given as y =  1.73x  +202.3. 
From this figure it is apparent that charge moments estimated by different methods 
show good consistency. The cross correlation coefficient is estimated to be 0.83. All 
these facts may imply that the methods presented in Section 3.2 is appropriate for the 
charge moment estimation of CG discharges. 
  It should be  noted that the approach presented in Section 3.2 estimates the total 
charge moment change for the entire duration of the strike. On the other hand, the 
approach presented by  Cummer and  Inan [2000] only estimates the charge moment 
change during the first 5-6 ms after the return stroke. However, charge moment values 
derived from SR data are roughly  ,30 % less than those from ELF sferic data as shown 
in Figure 3.15. Though it is not clear the reason of this, one possibility is that the actual 
current moment waveforms may not be exponential forms. In order to test this, we 
need to estimate charge moments using various models of current moment waveforms. 
It may be also needed to estimate charge moments using not only Syowa ELF data but
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Figure 3.15: Scatter plots showing the relation between charge moments derived from  SR data and 
these from ELF sferics. Charge moments derived from ELF sferics data are estimated by accumulating 
current moment waveforms for 6 ms time intervals.
also Onagawa ELF data and to perform cross-calibration. It is also suggested that the 
difference between SR charge moment and ELF sferics charge moment are quite large 
in some cases. This may be caused by the least-square fitting of the modeled current 
moment spectrum to the observed current moment spectrum presented in Section 3.2. 
We found that in some cases the least-square fitting does not accurately performed. 
In order to estimate more accurate charge moments using SR waveform data, it is 
necessary to compare them in detail.
3.6 Summary and Conclusions
   In order to clarify the characteristics of sprite-inducing CG discharges, we investi-
gated ELF magnetic field waveform data obtained at Syowa station in Antarctica and 
Onagawa observatory in Japan. We developed the estimation method of charge  mo-
ments and decay time constants of CG discharges producing simultaneously transient 
SR waves and sprites. Then, using this method we estimated the charge moments and
54 Chapter 3. Charge Moment Estimation
decay time constants of sprite-inducing CG discharges in the summer US case and in 
the winter Japan case. 
  During the STEPS 2000 campaign carried out over the US High Plains in the period 
between May 22 and July 15, 2000, several hundreds of sprite events were detected 
at YRFS, Colorado. We analyzed 331 sprite events statistically and estimated charge 
moments and time constants of the parent CG discharges. It is found that transient 
SR waves were observed at Syowa station coincidently with sprites detected at YRFS 
and that strong +CG discharges produced both transient SRs and sprites. Charge 
moments and time constants of these +CGs are estimated to be 876  C•km and 8.63 
 ins on average, respectively. Using NLDN lightning data, we compared lightning peak 
current intensities with charge moments and time constants. As shown in Figures 3.6 
and 3.7, it is found that charge moments are scarcely correlated with peak current 
intensities with a cross correlation  coefficient of 0.06. However, charge moments are 
strongly correlated with decay time constants with a cross correlation coefficient of 
0.75. This fact implies that CG discharges with large charge moments are associated 
with continuing currents with long decay time constants. 
  Then, we analyzed ELF magnetic field waveform data obtained at Syowa and Ona-
gawa to estimate charge moments and time constants of sprite-inducing CG discharge 
occurred during the sprite campaigns in Japan for three winter seasons of 2000/2001, 
2001/2002, and 2002/2003. We analyzed totally 42 sprite events and found that the 
average charge moments and time constants are estimated to be 520  C•km and 9.54 
ms, respectively. Further, we analyzed JLDN lightning data that provide information 
on lightning onset time, location, peak current and polarization. It is found that the 
correlation between charge moments and peak currents is extremely low with a cross 
correlation coefficient of 0.16, while the correlation between charge moments and time 
constants is high with a cross correlation coefficient of 0.80. 
  As shown in Figure 3.13, all these facts imply that the waveforms of sprite-inducing 
CG currents have similar shapes for both the summer US case and the winter Japan 
case. Thus, the amounts of electric charge are comparable for both cases since the 
accumulation of the current in time domain becomes the electric charge removed by 
CG discharges. However, the average charge moments for summer sprite events is 
larger than those for winter sprite events by a factor of  1.7. Since the charge moment 
is the product of the amount of electric charge (Q) and the lightning channel length 
(dl), it is concluded that differences in charge moments may be related to differences 
in the channel lengths of CG discharges.
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  Recent balloon measurements of charge distributions inside thunderclouds revealed 
that the positive charge related to sprite-inducing +CG discharges tends to be dis-
tributed at  r•)4 km altitude in the summer US case, while  r2 km altitudes in the 
winter Japan case. Assuming that the channel length dl is equal to 4 km for sum-
mer events, the amount of charge removed by +CG discharges is 219 C on average. 
Similarly, the amount of charge for winter events is 260 C. These comparable electric 
charges are consistent with the fact that the current waveforms for the summer and 
winter events are similar to each other. 
  The past model of sprite generation given by Pasko et al. [1997] assumes that the 
QE field above thunderclouds is produced by CG discharges with charge moments of 
1000-4000  C•km. However, the electric fields produced by summer and winter CG 
discharges that have the average charge moments of 876 and 520  C•km, respectively, 
can exceed the breakdown electric field in the altitude range over  ,--,80 km. This fact 
implies that not only the QE mechanism but also other mechanisms may be needed 
for sprite generation in the altitude range of  ,,,40-90 km.
/
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   Since the first image of a transient luminous event called "sprite" appearing above 
a thundercloud was captured by Franz et al. [1990], optical observations of sprites have 
been intensively carried out at various regions in the world. Occurrences of sprites were 
confirmed by means of ground-based and aircraft optical observations in North and 
South America [Sentman et al., 1995; Lyons, 1996; Heavner et al., 1995], the Caribbean 
Sea [Pasko et al., 2002], Africa  [Vaughan et al., 1992; Boeck et  al., 1995], Europe 
[Neubert et  al., 2001], the Mediterranean Sea  [Yano et  al., 2001], Australia [Hardman 
et al., 2000], Taiwan  [Su et al., 2002], and Japan [Fukunishi et al., 2002; Takahashi 
et al.,  2003]. From these observations it is suggested that sprites certainly occur in 
regions where active thunderclouds develop. However, locations suitable for ground-
based optical observations of sprites are limited in the world. Moreover, opportunities 
to capture sprites depend on local weather conditions for optical observations during 
the nighttime. Though it is possible to measure sprite activity on a global scale from 
space, only a limited number of observations were carried out in the past. Due to these 
reasons, global occurrence rates of sprites have not been determined. 
  Electromagnetic waves in the frequency range less than 60 Hz excited by cloud-to-
ground (CG) discharges can propagate globally with extremely low attenuation rates
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through the Earth-ionosphere cavity. Interferences of these globally propagating waves 
result in cavity resonances known as Schumann resonances  (SRs). It is suggested 
that these waves can be used to monitor global lightning activities  [Fiillekrug and 
Constable, 2000;  Fiillekrug et al., 2002]. As described in Section 1.3, transient SR 
bursts excited by extremely intense CG discharges are occasionally observed above 
the SR background level. Recent observations of SRs by Boccippio et al. [1995] and 
Sato et al. [2003] revealed that the occurrences of sprites and transient SRs are highly 
correlated. Consequently, these transient SRs can be used to monitor global sprite 
activities. Using ELF/VLF sferics data, the probability of sprite initiation as a function 
of charge moments of positive CG (+CG) discharges was estimated by Hu et al.  [2002]. 
They suggested that this sprite initiation probability and the charge moment estimation 
derived from SR data enable us to estimate the locations and rates of sprite occurrences 
on a global scale. 
   Recently, it is suggested that sprites may have significant impacts on the chemical 
and electromagnetic environment of the mesosphere and the lower thermosphere . Pasko 
[2003] reported that the ionization created by transient luminous events (TLEs) and 
"gigantic jets" observed by  Su et al. [2003] is likely to have significant chemical effects 
on the volume of atmosphere in the altitude range from the top of thunderclouds to 
90 km. Numerical simulation performed by Hiraki et al. [2002] demonstrated that 
the concentration of NOx and HOx in the mesosphere and the lower thermosphere 
would be drastically changed by sprites. Since these chemical products may lead to 
an impact on the global ozone chemistry, it is particularly important to determine the 
global occurrence rates and locations of sprites. 
  In this study, we developed a triangulation method to geolocate intense CG dis-
charges exciting transient SRs using ELF magnetic field waveform data obtained at 
Syowa station in Antarctica and Onagawa observatory in Japan for a period between 
June 19, 2001 and January 20, 2002. Then, we estimated charge moments for these 
CG discharges using the method introduced in Chapter 3. Finally, we estimated the 
global occurrence rates and locations of sprites considering an empirical sprite initiation 
probability reported by Hu et al.  [2002]. 
  In Section 4.2, we introduce a method to select transient SR events from the ELF 
magnetic field waveform data and present a triangulation method to geolocate these 
CG discharges. Occurrence distributions of continental and oceanic CG discharges are 
also presented in this section . In Section 4.3, distributions of charge moments and 
seasonal variations of sprite occurrence rates and locations are presented . In Section 
4.4, we discuss the estimation error of the triangulation method and the effect of 
event selection threshold on sprite occurrence rates. Finally, summary and conclusions 
derived from these analyses are presented in Section 4.5.
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4.2 Global Lightning Positioning 
   In order to estimate global occurrence rates and locations of sprites, it is necessary 
to determine the locations and polarizations of CG discharges inducing sprites. In 
this study we analyzed ELF magnetic field waveform data obtained at Syowa station 
(69.018°S, 39.506°E) in Antarctica and Onagawa observatory (38.433°N, 141.483°E) 
in Japan for a half year period from July 19, 2001 to January 20, 2002. During this 
period ELF data acquired simultaneously at both sites with a sampling rate of 400 Hz 
are available on 154 days. In order to examine seasonal variations of occurrence rates 
and locations, we defined the summer, fall and winter season for the periods of June 
to August 2001, September to November 2001, and December 2001 to January 2002, 
respectively.
4.2.1 Event Selection of Transient Schumann Resonances 
  The amount of the data acquisition at each of Syowa and Onagawa is 1440 files a 
day (one data file a  minute). To begin with, we calculate the horizontal magnetic field 
intensity using one-minute waveform data obtained at Syowa station, which is derived 
as, 
 Btotal = \/B H2  +  B  D2 (4.1) 
where  Btotal is the horizontal magnetic field intensity, and  B  H and  BD are the H— and 
D—component data, respectively. Using this one-minute  Btotal data, a standard devia-
tion (a) is calculated. Then, transient SR waves that exceed the level of background 
SRs by seven standard deviations (7a) are selected. Similarly, we calculate the horizon-
tal magnetic field intensity and standard deviation of the one-minute waveform data 
obtained at Onagawa observatory. Then, transient SR waves that exceed the back-
ground signal level by three standard deviations (3a) are selected from these data. If 
time differences in the onset times of transient SR events at Syowa and Onagawa are 
within ±60 ins, these transient events are registered as the events excited by the same 
CG discharges and are used for further analysis. 
  Figure 4.1 shows a typical transient SR event selected by this method. Figure 
4.1(a) shows plots of the H— and D—component at Syowa station for the time interval 
16:51:38.56-40.06 UT on August 12, 2001. Figure 4.1(b) shows the same plots as Figure 
4.1(a) except for Onagawa. The horizontal magnetic field intensities at these two sites 
for the time interval 16:51:38.96-39.16 UT are plotted in Figure 4.1(c). In the bottom
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Figure 4.1: Example of a transient SR event observed on August 21, 2001. (a) Plot of the horizontal 
magnetic field at Syowa station for the time interval 16:51:38.56-40.06 UT. (b) Same as (a) except 
for Onagawa observatory. (c) Plot of the horizontal magnetic field intensity for the time interval 
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figure the time difference between the intensity peak at Syowa and that at Onagawa 
is determined, as indicated by  "dt"  . It is found that a transient SR event with an 
amplitude of  ,-,.,80 pT occurred at Syowa at 16:51:39.05 UT  first, then a transient SR 
event with an amplitude of  ,-,40 pT was detected at Onagawa after 16  ms at 16:51:39.07 
UT. All transient SRs that meet the above criterion are automatically selected from 
the one-day data set. It is found that the detectability of these transient events is 
roughly 5000 events/day.
4.2.2 Estimation of Lightning Locations and Polarizations 
  In this section a method to estimate the locations and polarizations of CG dis-
charges inducing selected transient SR events is presented. Since the propagation
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Figure 4.2: Waveform plot of the H- and  D---component magnetic field data for a transient SR event 
observed at Onagawa shown in Figure 4.1(b). Times 11 and 12 are the onset time of the transient SR 
event and the time when  dB  Idt becomes 0 after the steep peak, respectively.
mode of SR waves is the quasi-transverse electromagnetic (quasi-TEM) mode as de-
scribed in Section 3.2.1, a great circle corresponding to the propagation path becomes 
perpendicular to the polarization axis. It is possible to estimate the polarization axis 
of each transient SR event from the Lissajous plot using the H- and D-component 
data. 
  Figure 4.2 shows a plot of the H- and D-component magnetic field data for a 
transient SR event observed at Onagawa shown in Figure  4.1(b). In this figure 
corresponds to the onset time of the transient SR event, while t2 corresponds to the 
time when  dB/dt becomes 0 after a steep peak in the initial impulse. Using the 
two component magnetic field data, a Lissajous plot is drawn between t1 and t2 as 
shown in Figure 4.3(b). In this figure a dashed line represents the polarization axis. 
The geographical north and east directions at Onagawa are also illustrated by arrows. 
Then, the direction of the propagation path which is perpendicular to the polarization 
axis is estimated as shown by a solid line in Figure 4.3(b). Similarly, Figure 4.3(a) 
shows a Lissajous plot and the wave propagation path for the corresponding transient 
SR event at Syowa. 
  The wavelengths of SR waves are much longer than those of ELF/VLF sferics 
and are comparable to the circumference of the Earth in the 1st SR mode at  8 Hz. 
Consequently, the propagation path of SR waves approximates to a great circle. In 
Figure 4.4 the two propagation paths derived from the Lissajous plots shown in Figure 
4.3 are plotted by solid lines. It is obvious that there are two intersections of these
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Figure 4.3: Lissajous plot of a transient SR event at Syowa (a) and Onagawa (b). Dashed and 
solid lines correspond to the polarization axis derived from the data points  between t1 and t2  and the 
direction of the propagation path, respectively. The geographical north and east directions at each 
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Figure 4.4: Plot of the two great circles (solid lines) corresponding to the propagation paths of the 
transient SR event shown in Figure 4.1. A great circle derived from the time difference in the wave 
arrival dt is also plotted by a dashed line. The three points A,  13, and C are the intersections of these 
three great circles.
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Figure 4.5: Map showing the locations of  CG exciting transient SR waves detected at Syowa and 
Onagawa for a two-day period on August 2 and 3, 2001. Red and blue dots correspond  to +CGs and 
 —CGs, respectively. A great circle band indicated by symbol  "tft" represents the region where CG 
locations can not be determined.
great circles. Since this transient SR event was detected at Syowa first (see Figure 
4.1(c)), we can determine the intersection nearer to Syowa as a candidate location 
of the parent CG discharge, as indicated by A in Figure 4.4. Further, we draw one 
more great circle corresponding to a difference in the wave arrival time dt, as plotted 
by a dotted line in Figure 4.4. If SR waves propagate from any point on this great 
circle with a propagation velocity of  0.8c as suggested by  Flillekrug and Reising  [1998], 
the difference in wave arrival time between Syowa and Onagawa becomes dt. Thus, 
additional two intersections are determined, as indicated by B and C in Figure 4.4. 
Finally, the gravity center of the triangle formed by A, B, and C is considered as the 
most probable CG location. Then, we can identify the polarization of the parent CG 
discharge. The location and polarization of the parent CG discharge exciting transient 
SR event at 16:51:39.06 UT on August 12, 2001 are estimated to be a point of  (3.17°N, 
4.68°E) and positive, respectively. The distance from the location of +CG to Syowa is 
 N8,500 km, while the distance to Onagawa is  r-13,600 km. 
  Figure 4.5 shows a location map of CG discharges exciting transient SR events 
detected for a two-day period on August 2 and 3, 2001. Red and blue dots correspond to
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Table 4.1: Occurrence numbers and percentages of oceanic and continental CG discharges.









Total 341,362 374,135 715,497
+CGs and —CGs, respectively. Note that a great circle band indicated by symbol  "M" 
represents the region where CG locations can not be determined because differences in 
wave arrival time dt become 0. Since the sampling rate of ELF data is 2.5  ms  (fs = 400 
Hz), the latitudinal width of this region is roughly  ,600 km. From this figure it is 
found that CG discharges occurred mostly in North and South America, Africa, and 
South-East Asia that are the major lightning source regions in the world. This fact is 
consistent with the results of global lightning measurements from space conducted by 
the OTD and  TRMM satellites.
4.2.3 Continental and Oceanic Lightning Distributions 
   Using Syowa and Onagawa ELF data for the period between June 19, 2001 and 
January 20, 2002, we selected 715,497 transient SR events and estimated the locations 
and polarizations of these parent CG discharges automatically. In order to clarify the 
occurrence distributions of these CG discharges, we classified them into four categories: 
(1) continental +CGs, (2) oceanic +CGs, (3) continental —CGs, and (4) oceanic —CGs. 
Table 4.1 shows the list of occurrence numbers in these four categories. It is found 
that the occurrence number of oceanic —CG discharges is slightly higher than that 
of oceanic +CG discharges by a factor of  ,--4.1. On the other hand, the occurrence 
number of continental +CG discharges is slightly higher than that of continental —CG 
discharges by a factor of  -1.1. This property is consistent with the result reported by 
 Fiillekrug et al.  [2002]. It is also found that the total occurrence number of oceanic 
CG discharges is higher (55.8 %) than that of continental CG discharges. However, 
the accuracy of these occurrence number estimation might strongly depend on the 
estimation errors of the triangulation method described in Section 4.2.2 and discussed 
in Section 4.4.1.
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4.2.4 Spatial and Temporal Distributions of High Cloud Top 
      Regions and Lightning Locations 
   Considering the electrification processes in thunderclouds, clouds can not produce 
lightning unless their cloud tops are located at heights well above the freezing level 
where the temperature is far below 0 °C  [Umarr, 2001]. Therefore, it is inferred that 
active convection cells and consequent thunderclouds are located near  CG locations. 
In order to verify this hypothesis, we compared the CG locations derived from Syowa 
and Onagawa ELF data with satellite infrared (IR) cloud images. Using  IR data 
obtained by GMS, GOES, and METEOSAT spacecraft, composite global cloud images 
are produced and provided every 3 hours by the Space Science and Engineering Center 
(SSEC), University of Wisconsin-Madison. 
  Figures 4.6(a)—(d)show composite satellite images with a  Mollweide projection at 
03, 09, 15, and 21 UT on December 4, 2001. The distributions of clouds are denoted 
by a blue-to-while color code. Since the color change from blue to white corresponds 
to the temperature change from high to low levels, the cloud top altitudes of white-
colored regions are high in these figures. Figures 4.6(e)—(h) show the distributions of 
CG discharges determined by transient SR waves detected at Syowa and Onagawa for 
the time interval 01-05,  07-11, 13-17, 19-23 UT on December 4, 2001, respectively. In 
these figures, CG discharges are plotted by red dots making no distinction of positive 
and negative polarities. It is obvious that the high occurrence regions of CG discharges 
are concentrated mainly in the southern hemisphere. This fact is consistent with the 
results measured by the OTD and TRMM satellites, i.e., showing that CG discharges 
tend to occur more frequently in the summer hemisphere than in winter hemisphere. 
  Comparing the cloud images on the left side in Figure 4.6 with the CG locations 
on the right side in the same figure, it is clear that CG discharges are geolocated near 
high cloud top regions. For example, CG discharges over southern Africa and South 
America are found to be located over high cloud top regions when we compare Figure 
4.6(a) with Figure 4.6(e). Generally, local lightning activity peaks in the late local 
afternoon. Since Africa becomes the late local afternoon at 15 UT, the occurrence 
number of CG discharges reaches its maximum as shown in Figure  4.6(g). It is found 
that active thunderstorms with high cloud tops seem to  be formed at this time as 
shown in Figure 4.6(c). Similarly, at 21 UT when South America is located in the late 
local afternoon sector, the occurrence number of CG discharges reaches its maximum 
as shown in Figure 4.6(h). At this time high cloud top regions expand and become
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Figure 4.6: Left (a)-(d): Global composite images of infrared (IR) cloud distributions observed by 
GMS, GOES, and METEOSAT spacecraft at 03, 09,15, and 21 UT on December 4, 2001, respectively. 
Right (e)-(h): Global distributions of CG discharges detected at Syowa and Onagawa for the time 
interval 01-05, 07-11, 13-17, and 19-23 UT, respectively.
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active as shown in Figure 4.6(d). From these figures it is apparent that the spatial 
and temporal variations of CG distributions are closely related to those of high cloud 
top regions. It is reasonable that active updrafts occurring under the high cloud top 
regions by the heating of the ground produce active thunderclouds and intense CG 
discharges. 
  However, there are some discrepancies between the CG locations and the cloud 
distributions. For example, the distributions of CG discharges over Africa seem to 
be slightly shifted to the southeast direction compared with the cloud distributions. 
Moreover, there was no distinguishable clouds over the Indian Ocean between Antarc-
tica and Australia, where CG discharges obtained from the ELF data are geolocated. 
Such an estimation error in the triangulation method for the CG geolocation will be 
investigated in Section 4.4.1.
4.3 Global Sprite Occurrence Rates 
  In this section we introduce a method to estimate global occurrence rates and 
locations of sprites using the results presented in Section 4.2. First, we compute charge 
moments of CG discharges exciting transient SR events and estimate charge moment 
distributions. Then, we estimate global sprite occurrence rates using both the charge 
moment distributions and the sprite initiation probability given by Hu et al.  [2002]. 
Finally, the global sprite distributions are estimated using the global distributions of 
CG discharges presented in Section 4.2.
4.3.1 Charge Moment Distributions of Intense CG Discharges 
   In order to estimate charge moments, we use the same method presented in Section 
3.2. The complex current moment spectrum can be written as the summation of the 
normal modes in the Earth-ionosphere cavity for the magnetic field, 
                           H(f)•47REho 
 Idlobs(f, 0)=---(4.2) 
 2m  +  1 
                        rn(m ± 1) — v(1)+ 1)P(cos 0) 
where  idlobs(f,0) is the complex current moment spectrum,  Ho (f) is the complex 
power spectrum of the observed magnetic field data, RE = 6371 km is the radius of
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the Earth,  ho = 80 km is the height of the ionospheric reflection boundary, m is the 
order of the harmonics, /37,21(cos 0) is the Legendre polynomials of the order m and 
first degree, and  0 is the angular distance between the location of CG discharges and 
a receiver. The complex eigenvalue  v that describes the propagation and dissipation 
characteristics is derived from equations (3.5), (3.7), and (3.8) presented in Section 3.2, 
which are proposed by Ishaq and Jones [1977]. The summation of the normal modes 
is run over m = 1-32,000. 
   For the estimation of charge moments, we assume the lightning current moment as 
an exponential form in the time domain. The complex current moment spectrum is 
obtained by the Fourier transform of the current moment waveform,
Iodl 
 Idl(f) =  i  •  27tf +117-(4.3) 
where  T is the decay time constant of the lighting current. This theoretical current 
moment spectrum  id/(f) is fitted to the current moment spectrum  /d/ob8(f) which is 
estimated experimentally. Best fitting parameters of  .101 and  T are obtained using the 
least-squares method. Then, charge moments are estimated from  (I0d1).7 =  (.1-0T) .d1 = 
 Q•dl. 
  Using this method, we estimated charge moments of CG discharges inducing tran-
sient SRs for the period between June 19, 2001 and January 20, 2002. The charge 
moments were derived from Syowa ELF magnetic field data. Since the main sources 
of global lightning activity are located far from Syowa station, we can estimate charge 
moments with low estimation error when we use equation (4.2). Distributions of the 
estimated charge moments is shown in Figure 4.7. The left and right panels in this 
figure show charge moment distributions for —CGs and +CGs, respectively. It is also 
found that about the half of these +CG events 50.9 % has charge moments between 
200 and 600  C•km and that the average charge moment of +CGs is 686  C•km. For 
—CG events
, 53.7 % of these events have charge moments between —200 and —600 
 C•km and the average charge moment is estimated to be —632  C•km. It should be 
noted that the distributions of charge moments are symmetrical for both +CG and 
—CG events .
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Figure 4.7: Charge moment distributions of CG discharges inducing transient SRs for the period 
between June 19, 2001 and January 20, 2002.
4.3.2 Seasonal Variations of Sprite Occurrence Rates 
  It is suggested that the amplitudes of QE fields above the thunderclouds are  pro-
portional to the charge moments of CG discharges. It is likely that CG discharges with 
large charge moments tend to excite sprites more frequently.  Hu et al. [2002] analyzed 
ELF sferics data and estimated charge moments of sprite-inducing CG discharges oc-
curring in the US in summer. From these analyses they statistically estimated the 
sprite initiation probability due to +CG discharges. It was reported that the prob-
ability of the sprite generation for lightning with charge moment changes of >1000 
 C•km within 6 ms is over 90 %, while the probability for lightning with charge  mo-
n-lent changes of <600  C•km within 6 ms is less than 10 %. This empirical criterion 
for sprite initiation probability would make it possible to determine the global occur-
rence rate of sprites from charge moment measurements at a single SR observation 
site. Though sprites occur both in summer and winter, we regarded this empirical 
sprite initiation probability as a global measure and estimated global occurrence rates 
of sprites generated by +CG discharges. 
  A charge moment distribution of CG discharges inducing transient SR events in 
the summer season (June—August 2001) is shown by shaded bars in Figure 4.8(a). The 
global sprite occurrence rate is estimated by multiplying the sprite initiation probability 
by the +CG charge moment distribution as shown by open bars in Figure  4.8(a).
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Figure 4.8: Seasonal variations in charge moment distributions of CC discharges inducing transient 
 SRs. (a) Northern summer for the period between June and August 2001 (shaded bars) and estimated 
sprite occurrence numbers (open bars). (b) Northern fall for the period between September and 
November 2001,  and (c) northern winter for the period between December 2001 and January 2002, 
 respectively.
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Table 4.2: Seasonal variations of charge moments and sprite occurrence rates.
Season Period Total Day
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45 —586 .0 632.3 741
Average 154 —63L9 686.2 719
It is found that the occurrence number of sprite events is estimated to be 39,660 
events in this season and that 33.4 % of detected +CG discharges are responsible 
for the sprite generation. Similarly, charge moment distributions for the fall season 
(September—November 2001) and the winter season (December 2001—January 2002) 
are shown in Figures  4.8(b) and (c), respectively. In these figures open bars correspond 
to the estimated sprite occurrence numbers. It is found that 37,357 and 33,357 sprite 
events are estimated to occur in fall and winter, respectively. It is also found that the 
occurrence probability of sprite-inducing +CG discharges in these seasons is almost 
the same as that in the summer season  (,---,30 % of detected +CG discharges). 
  Seasonal variations of the charge moments and sprite occurrence rates are summa-
rized as average values in Table 4.2. It is apparent that the charge moments of —CG 
discharges do not show drastic seasonal changes and that the average charge moment is 
estimated to be —631.9  C•km. The same properties can be seen in the charge moment 
change of +CG discharges with an average charge moment 686.2  C•km. The average 
sprite occurrence rates are 686, 733, and 741 events/day in the northern summer, fall 
and winter seasons, respectively, and 719 events/day through this period.
72 Chapter 4. Global Occurrence Rates and Locations of Sprites
4.3.3 Global Maps of Sprite Occurrence Regions 
   In Section 4.2.2 we have estimated the locations of CG discharges producing tran-
sient SR events using Syowa and Onagawa ELF data. In Section 4.3.2 we have qual-
itatively estimated the global occurrence rates of sprites due to the detected +CG 
discharges. From the triangulation analyses of sprites using optical image data ob-
tained by ground-based, multi-point measurements, it is suggested that sprites occur 
within 50 km of parent CG discharges [Lyons, 1996]. However, it is difficult for the 
estimation of global sprite occurrence distributions to specify those spatial offsets for 
each sprite-inducible CG discharge. In this study we assume that sprites occur at the 
same locations as the detected CG discharges. 
  Combining the data set on CG locations with the data set on sprite occurrence rates, 
we performed global maps of sprite occurrence regions and their seasonal variations as 
shown in Figure 4.9. In these figures the occurrence rate is displayed by a blue-to-red 
color code with a 2° x 2° spatial resolution. The seasonal variations of the global 
maps are shown in Figure 4.9(a), (b), and (c) for northern summer, fall and winter, 
respectively. Note that great circle bands indicated by symbol  "Ur (the latitudinal 
width of this region is roughly  ,600 km) represent the regions where the CG locations 
can not  be determined because the difference in wave arrival time dt becomes 0. It 
is apparent that sprites tend to occur over the continental regions. It is found that 
the high occurrence regions of sprites are concentrated in the major lightning source 
regions such as Africa, North and South America, and South-East Asia. Though the 
sprite occurrence regions are also distributed over the oceans, the occurrence rates 
are much lower than those over the continental regions. In the summer season, sprite 
occurrence rates are higher in the northern hemisphere than in the southern hemisphere 
with large enhancements in North America, South-East Asia, and China as shown in 
Figure 4.9(a). On the other hand, these rates are higher in the southern hemisphere 
in the winter season with large enhancements in South America and the southern 
part of Africa as shown in Figure  4.9(c). In the fall season, the occurrence regions 
of sprites seem to be distributed in both the northern and the southern hemispheres. 
This tendency can be clearly seen in North and South America as shown in Figure 
4.9(b). 
  All these results imply that the high occurrence regions tend to migrate from the 
northern hemisphere to the southern hemisphere as the seasons change from summer 
to winter. Figures 4.10(a) and (b) show the cutting from Figure 4.9(a) for the sprite
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Figure 4.9: Seasonal variations of the sprite occurrence 
northern fall, and (c) northern winter.
regions. (a) The northern summer, (b)
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Figure 4.10: Maps of the sprite occurrence regions  in (a) America and (b) Asia in northern  summer, 
and (c) Africa in northern winter. The occurrence rates of sprites are estimated in the regions I, II, 
and III.
occurrence regions in the America and Asia regions in northern summer. Similarly, 
Figure 4.10(c) shows the cutting from Figure 4.9(c) for the sprite occurrence region in 
Africa in northern winter. Sprite occurrence rates in northern summer are estimated 
to be  ,113 and  r,-,119 events/day in North America (region-I in Figure  4.10(a)) and 
South-East Asia  (region-II in Figure 4.10(b)), respectively, while the sprite occurrence 
rate in northern winter is estimated to be 240 events/day in Africa  (region-III in Figure 
4.10(c)). 
  It should be noted that there are some discrepancies between those occurrence 
distributions in Figure 4.9 and the results from ground-based optical measurements of 
sprites. For example, high sprite occurrences in Australia are confirmed by  Hardman 
et al. [2000]. However, the occurrence rates in this region derived from ELF data are 
quite low as shown in Figure 4.9. The same tendencies are seen near the Mediterranean 
Sea in Europe. Since the great circle band where CG locations can not be determined 
is located very close to those regions, the occurrence rates might be underestimated. 
It is also found that the distributions of sprite occurrence regions seem to be shifted 
to the specific directions. For example, the high occurrence regions over Africa seem 
to be slightly shifted to the southeast direction as shown in Figures 4.9(c) and 4.10(c). 
All these features might be caused by the limitation of the triangulation method using 
the ELF waveform data obtained at only two observation sites.
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4.4 Discussion 
4.4.1 Error of Lightning Triangulation 
   The error in determining CG locations by the triangulation method presented in 
Section 4.2 depends on the accuracy of the bearing angle derived from the  Lissajous 
plot and the difference of the wave arrival time dt. In order to determine the  global 
distribution of the triangulation error, we analyzed 16 winter sprite events captured 
by imaging observations in Japan and 78 lightning events detected by the Lightning 
Imaging Sensor (LIS) onboard the TRMM satellite. The 16 sprite events were ob-
served during the winter sprite campaign in Japan on December 28 and 29, 2001 and 
February 8, 2002, while 78 lightning events were detected by the LIS/TRMM for the 
periods of July 1-10, 2001, August 1-10, 2001, and December 1-10, 2001. The  CG 
locations identified by these measurements are compared with those derived from the 
triangulation method using Syowa and Onagawa ELF data. It should be noted that we 
can validate CG discharges distributed mainly in the latitudinal range of ±35° since 
the inclination of the TRMM satellite is 35°. 
  Figure 4.11(a) shows a global map of the locations of CG discharges used for the 
error estimation. The occurrence numbers of CG discharges within a  2°  x2° grid are 
indicated by the blue-to-red color code (similar to Figure 4.9). A great circle band 
where CG locations can not be determined is also plotted in this figure. It is apparent 
that the number of CG events near Japan is high compared with other regions since 
we used winter sprite events in Japan. It is found that CG discharges are globally 
distributed though most of grids show blue color  (i.e., 1  event/grid). Figure 4.11(b) 
shows a global map of the triangulation error at each grid. The mean triangulation 
error at each grid is indicated by a blue-to-red color code. It is found that the errors 
have values in the range of  1.23-1.81 Mm. It is important to note that the probability 
of the large triangulation errors seems to be high in Africa. The same tendency can be 
seen in North America. As we pointed out in Section 4.3.3, they may be related to a 
fact that the CG locations estimated by ELF data shift southeastward and westward 
shift in Africa and North America, respectively. Namely, the triangulation error does 
not appear equally in the world. Figure 4.12 shows a histogram of the triangulation 
error derived from the whole 94 CG events. It is found that the distribution peaks in 
the range of 1.0-1.5 Mm and that the mean accuracy in the triangulation is  r,j1.7 Mm. 
  Using SR waveform data obtained at a network of three stations,  Fiillekrug and 
Constable [2000] developed a triangulation method to geolocate intense CG discharges
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Figure 4.11: (a) Global distribution of CG discharges used for the estimation of the triangulation 
error. (b) Same as (a) except for the global map of the triangulation error at each grid.
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Figure 4.12: Histogram 
estimated to be 1.7 Mm.
of the estimated triangulation error. An average triangulation error is
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producing transient SR events. It was reported that the distribution function of the 
triangulation error exhibits a sharp maximum with a mean accuracy  r,-,1 Mm. It 
is inferred that these triangulation errors are caused by the day-night anisotropy of 
the ionospheric conductivity profile in the Earth-ionosphere cavity or by the galvanic 
distortion of propagating waves near the  inhomogeneous Earth's surface  [Fiillekrug et 
al., 1996;  Fiillekrug and  Sukhorukov, 1999]. The triangulation error estimated in this 
study is larger than that by  Fiillekrug and Constable  [2000]. It is likely that this simply 
originates in the fact that we used ELF data obtained at only two observation sites. 
We would need therefore at least one more observation site to accurately triangulate 
global CG and sprite locations. For this purpose, we installed the same type of the 
ELF observation system and started continuous measurements at Kiruna (67.88°N, 
 21.10°E), Sweden since August 2003. 
  In this study we only used 94  CG events to estimate the triangulation error. How-
ever, there remain many regions where the error can not be estimated as shown in 
Figure 4.11. In order to verify the triangulation error more accurately, we need to 
use not only LIS/TRMM data but also global lightning positioning data as used by 
 Fiillekrug and  Constable [2000], which are obtained by the VLF time of arrival differ-
ence system and provided by the British Meteorological Office.
4.4.2 Effects of Event Selection Threshold on Sprite Occur-
      rence Rates 
   In order to estimate global occurrence rates and locations of sprites, we selected 
transient SR events that exceed the SR background level by seven standard deviations 
 (7o-) for Syowa data and three standard deviations  (3a-) for Onagawa data. The average 
standard deviations are found to be a  = 2.70 pT for Syowa data and a = 6.95 pT 
for Onagawa data. Since there are many flashes of local lightning around Onagawa 
observatory, the standard deviations of Onagawa data become larger value than those 
of Syowa data. Since a typical effective amplitude of  7o- for Syowa data and that of 
 3o- for Onagawa data are equally pT, we can select almost the same number of 
transient SR events from one-day ELF data. However, it is apparent that the global 
occurrence rates of sprites strongly depend on the threshold level for event selection. 
Thus, we investigated how sprite occurrence rates change with the level of standard 
deviations for event selection.
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Figure 4.13: (a) Charge moment distributions for —CGs and +CGs (shaded bars) and estimated 
 sprite occurrence rates (open bars) on September 15, 2001. Transient SR events with  amplitudes larger 
than  7o-and  3o- standard deviations are selected for Syowa and Onagawa ELF data, respectively. (b) 
Same as (a) except for the event selection threshold:  3.7o- for Syowa data and  1.4o- for Onagawa data.
  Figure 4.13(a) shows the charge moment distribution of CG discharges detected on 
September 15, 2001. In this figure we selected transient SR events with amplitudes ex-
ceeding the SR background level by  7o- for Syowa data and  3o- for Onagawa data. Using 
the empirical sprite initiation probability reported by Hu et al. [2002], the occurrence 
number of sprites is estimated as 632  events. On the other hand, we used  3.7o- and 
 1.4o- for Syowa and Onagawa data as the event selection threshold, respectively. Note 
that the effective amplitude of these threshold levels corresponds to  ,10 pT. Using 
these threshold levels, 10,675 transient SR events are selected. Figure 4.13(b) shows 
the charge moment distributions of CG discharges that generated those transient SR 
events. From these distributions the occurrence number of sprites is estimated to  be 
1,863. Thus, it is found that the sprite occurrence number changes by a factor of 
when we change the threshold level by a factor of 0.5. As listed in Table 4.2, the global
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occurrence rate of sprites is estimated to be  ,--,720 events/day on average. If we also 
analyze transient SR events below the threshold level, the occurrence rate of sprites 
would increase considerably. In order to estimate more realistic occurrence rates of 
sprites, we need to develop a method which will not exclude weak transient SR events. 
  It is important to note that the charge moment distributions shown in Figure 4.13 
increase almost linearly as the threshold level decreases. As presented by equation 
(3.6), the amplitude of transient SR waves  (i  .  e.  , amplitude of magnetic field spectrum 
 (Ho)) is inversely proportional to the angular distance (0) between the source and 
a receiver and is proportional to the amplitude of current moment  (Idl) which is 
proportional to charge moment  (Q.dl). It is possible that CG discharges producing 
transient SR waves, that are detected by a distant observer as weak transient SR 
events, have large charge moments. This might cause the linear increase of the charge 
moment distribution shown in Figure 4.13. 
  It should be noted that the charge moment distribution shown in Figure 4.7  differs 
from that reported by  Fiillekrug et al. [2002]. They showed that the most frequent 
values for both +CG and —CG events are >1000  C•km, whereas our results show 
such large values at the tail of the distribution. These discrepancies might  be caused 
by the fact that we used ELF data obtained at only two sites, while  Fiillekrug et al. 
[2002] used data at three sites. Since  Fiillekrug et al.  [2002] selected transient SR 
events which are strong enough to be observed at all three observation sites, charge 
moments of  these parent CG discharges might be larger than those estimated in this 
study (personal communication with Dr. M.  Fiillekrug). Another possibility of the 
discrepancies is that charge moment values are underestimated in this study since we 
assume the time scale of lightning currents to be shorter than that of SRs. For CG 
events with very long continuing currents, equation (4.3) should not be applied to the 
estimation of charge moments. As a future work, we will develop a method to estimate 
charge moments more accurately.
4.4.3 Empirical Sprite Initiation Probability 
   In order to estimate global occurrence rates of sprites, we used the empirical sprite 
initiation probability reported by Hu et al. [2002]. This probability is regarded as 
the most qualitative and reliable criterion at present. However, there are some critical 
problems to be solved when we apply this sprite initiation probability to the estimation 
of global sprite occurrence rates. These problems are as follows:
80 Chapter 4.  Global Occurrence Rates and Locations of Sprites
1. For the estimation of the empirical sprite initiation probability related to +CG 
  discharges, Hu et al. [2002] used lightning data published by Berger et al.  [1975]. 
   However, these data are based on measurements of a small sample of thunder-
   storms carried out at the top of Mt. San Salvatore in Switzerland. Moreover, it is 
   suggested that many +CG events measured by Berger et al. [1975] were upward 
   strokes initiated from top of towers. Thus, it is uncertain if one can consider these 
   +CG activities as typical storms throughout the world. 
2. It is reported that sprites occur not only in summer but also in winter [Fukunishi et 
 al., 2002; Takahashi et al.,  2003]. Though the sprite occurrence rate in the winter 
  season is thought to be much smaller (or negligible) than that in the summer 
  season, it is doubtful that we can use the sprite initiation probability through the 
   whole season. 
3. Recent ground-based optical observations of sprites revealed that sprites can be 
  generated by —CG discharges [Barrington-Leigh et al.,  1999]. This fact may imply 
   that the sprite occurrence rate is underestimated when we use the sprite initiation 
  probability due to only +CG discharges. 
4. Using ELF sferics data, Hu et al. [2002] estimated the charge moment change 
   during the first  5-6 ms after the return stroke of sprite-inducing CG discharges. 
   On the other hand, our approach presented in Section 3.2 estimates the total 
   charge moment change for the entire duration of the stroke. Thus, when we 
   estimate global occurrence rates of sprites from SR data, we are unable to use 
  the sprite initiation probability without some adjustment of the charge moment 
   values.
  We could not clarify how these problems affect the results estimated in this study 
and could not validate the initiation probability. However, we need to estimate more 
accurate empirical sprite initiation probability due to both +CG and —CG discharges 
occurring throughout the whole season for the estimation of global sprite occurrence 
rates and locations.
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4.5 Summary and Conclusions
   In order to estimate global occurrence rates and locations of sprites, we analyzed 
ELF magnetic field waveform data obtained at Syowa station in Antarctica and On-
agawa observatory in Japan for a half year from June 19, 2001 to January 20, 2002. 
We selected  r\-,715,500 transient SR events from those ELF data and estimated the 
locations and polarizations of the parent CG discharges automatically using newly 
developed a triangulation method. Then, we estimated charge moments of CG dis-
charges producing transient SRs using the same method presented in Section 3.2. It is 
found that the average charge moments of  +CGs and —CGs are 686 and —632  C•km, 
respectively. It is also found that about the half of events for +CGs and —CGs has 
charge moments between 200 and 600  C.km. 
  We regarded the empirical sprite initiation probability reported by Hu et al.  [2002] 
as a global measure and estimated global occurrence rates of sprites due to +CG 
discharges. By multiplying this sprite initiation probability by the charge moment 
distribution, the average sprite occurrence rates are estimated to be 686, 733, and 741 
events/day in the northern summer, fall and winter, respectively, and 719 events/day 
through this period as listed in Table 4.2. Combining the data set on CG locations 
with the data set on sprite occurrence rates, we performed global maps of the sprite 
occurrence regions and their seasonal variations as shown in Figure 4.9. It is apparent 
that the high occurrence regions of sprites concentrated in the major lightning source 
regions with large enhancements in North America and South-East Asia in summer, 
while in the equatorial regions in fall and in Africa and South America in winter. 
  In order to determine the global distribution of the triangulation error, we analyzed 
16 winter sprite events captured by imaging observations in Japan and 78 lightning 
events detected by the LIS onboard the TRMM satellite. It is found that the mean 
accuracy in the triangulation method is estimated to be  e--)1.7 Mm and that this error 
does not appear equally in the world, which might be simply originated in the fact that 
we used ELF data obtained at only two observation sites. Further, we investigated how 
sprite occurrence rates change with the level of standard deviations for event selection 
of transient SR waves. It is found that the sprite occurrence number changes by a 
factor of when we change the threshold level by a factor of 0.5. If we also analyze 
transient SR events below the threshold level, the occurrence rate of sprites would 
increase considerably. In order to estimate more realistic occurrence rates of sprites, 
we need to develop a method which will not exclude weak transient SR events.
/
Chapter 5
Link between Solar Activity and 
Global Lightning Activity
5.1 Introduction
   Electromagnetic waves in the Schumann Resonance (SR) band can propagate long 
distance with low attenuation rates (less than 1 dB/Mm) through the Earth-ionosphere 
cavity. Since the intensities of SR waves depend on both the occurrence number and 
the magnitude of global lightning discharges, SR waves are suggested to be a good 
proxy of the global lightning activity [Fiillekrug  and Fraser-Smith, 1997;  Fiillekrug et 
 al.,  1999]. Recent electromagnetic measurements of SR waves revealed that the ampli-
tudes of spectral power exhibit clear  ,5 and  ,10 day variations [Price,  2002]. It is likely 
that these spectral power variations are related to the modulation of lightning activity 
caused by planetary wave in the tropical region. On the other hand, Fiillekrug and 
Fraser-Smith [1996] found a 20-30 day periodicity in the SR spectral power variations 
and showed an approximately in-phase relationship between daily sunspot number and 
SR amplitude. It is suggested that the 20-30 day periodicity is related to geomagnetic 
activity variations due to magnetospheric disturbances. Though the generation mech-
anism of this periodicity remained unknown in their study, it was firstly shown that 
there might be a close link between solar activity and global lightning activity. 
  One of candidates for the generation mechanism of the intraseasonal SR spectral 
power variations is the Madden-Julian oscillation  (MJO) which is a meteorological 
phenomenon in the tropical region. The oscillation with a 40-50 day periodicity is a 
result of large-scale circulation cells that move eastward from the Indian Ocean to the
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central Pacific Ocean in the tropical region [Madden and  Julian, 1972;  1994].  Anyamba 
et al.  [2000] performed cross-spectral analysis between SR spectral power variations 
and the global mean convection index that is a proxy for the deep convection. It was 
concluded that the intraseasonal oscillation in the deep convection related to MJO 
modulates global lightning activity causing SR spectral power variation with a 20-50 
day period. However, evidence presented by Anyamba et al. [2000] seems to be not 
enough to confirm their conclusion. The link between global lightning activity and 
MJO remains unidentified at present. 
   Possible links between solar activity and thunderstorms were experimentally inves-
tigated using lightning data from the German lightning detection system  (BUDS) and 
solar activity data such as  F10.7, sunspot number and cosmic ray flux modulations 
 [Schlegel et al.,  2001]. It was reported that there is a significant correlation between 
lightning occurrence number and F10.7 or sunspot number with a cross correlation 
coefficient of  ,A.8 and a significant anti-correlation between solar activity and cosmic 
ray flux modulation with a correlation coefficient of  ti -0.9. These high values of 
correlation coefficient suggest that there must  be a transmission of solar activity signal 
to the lower atmosphere  [Schlegel et al., 2001]. 
  Studies on the global atmospheric electric circuit has made remarkable progress 
in the past 50 years. Thunderstorms drive upward electric currents through the con-
ducting atmosphere and maintain the ionosphere at a potential of  r- +250 kV with 
respect to the Earth's surface. Downward conducting currents of  N2  pA/m2 in the fair 
weather region flowing complete the global electric circuit. It is considered therefore 
that there is a strong correlation between the global circuit current and the global 
lightning activity. It is also suggested that there are strong relationships between the 
global electric circuit, solar activity and climate change [Rycroft et al., 2000]. Tinsley 
[2000] pointed out that the global circuit has significant effects on cloud microphysics 
and climate change. Thus, it is likely that global lightning activity is affected by solar 
activity through the global electric circuit. 
  It has recently been suggested that there is a direct influence of solar activity with 
the a 11-year sunspot cycle on global climate change [Friis-Christensen and Lassen, 
 1991]. Especially, studies on the processes of a link between cosmic ray flux and global 
cloud coverage are intensively carried out by many investigators [Marsh and Svensmark, 
 2000]. It is found that a 10-12 year variation of cosmic ray flux is highly correlated 
with global cloud coverage [Svensmark and Friis-Christensen, 1997]. They also found 
that such an effect is larger at higher latitudes in agreement with the shielding effect
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of the Earth's magnetic field on high-energy charged particles. It is suggested that 
the effect of ionization caused by cosmic rays on aerosols in the troposphere would 
trigger observed cloud modulation. Pudovkin and  Veretenenko [1995] investigated the 
response of cloud coverage to cosmic ray flux modulation more in detail. They found 
a local decrease in the amount of cloud coverage related to the "Forbush  decrease"  , 
which is known as a short term changes in cosmic ray flux caused by solar activity 
enhancement. However, it is unknown whether there is any correlation between global 
cloud coverage and solar activity modulation due to a 27 day solar rotation period or 
not. 
  In order to investigate the link between global lightning activity, solar activity and 
tropical cloud coverage, we analyzed 1-100 Hz ELF magnetic field waveform data ob-
tained at Syowa station in Antarctica in the period between February 2000 and January 
2003. From a dynamic spectral analysis we have identified a  ,27 day periodicity in 
the SR spectral power variations. We also carried out cross-spectral analyses between 
variations in the SR spectral power and variations in solar and geomagnetic activity 
parameters. We estimated the ionospheric reflection height of SR waves using the 
two-scale height conductivity model. A cross-spectral analysis between SR spectral 
power and tropical cloud coverage was also performed. From these results we discuss 
the processes of the link between global lightning activity and solar activity. 
  In Section 5.2, results obtained from dynamic spectral analysis of Syowa ELF data 
are presented. Periodicities in SR spectral power variations are shown in Section 5.3. 
In Section 5.4, results obtained from a cross-spectral analysis between SR spectral 
power variations and variations of solar and geomagnetic activity parameters are pre-
sented. A method estimating the ionospheric reflection height using the two-scale 
height conductivity model and SR data is introduced in Section 5.5. In Section 5.6, 
we present results from a cross-spectral analysis between SR spectral power variations 
and tropical cloud coverage. From these results we discuss the mechanisms of the link 
between global lightning activity, solar activity and cloud coverage. Finally, summary 
and conclusions derived from these analyses are presented in Section 5.8.
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Figure 5.1: Example of one-day dynamic spectra of magnetic field waveform data obtained at Syowa 
station. Upper and lower panels represent the H- and D-component dynamic spectra on August 27, 
2002, respectively.
5.2 Seasonal Variations of Schumann Resonance 
tral Power
Spec-
   In order to estimate seasonal variations of SR spectral power, we analyzed 1-100 
Hz ELF magnetic field waveform data obtained at Syowa station (69.018°S, 39.506°E) 
in Antarctica in the period between February 16, 2000 and January 31, 2003. Using 
these waveform data, we have performed dynamic spectral analysis. 
  Figure 5.1 shows the one-day dynamic spectrum derived from Syowa ELF data on 
August 27, 2002. The upper and lower panels in Figure 5.1 represent to the H- and 
D-component dynamic spectra, respectively. Each power spectrum is calculated by 
the fast Fourier transform (FFT) method for the frequency range of 1-50 Hz with 1 
 min time resolution and 0.167 Hz/div frequency resolution. The harmonic structure of 
SR waves up to the seventh are clearly seen at about 8, 14, 20, 26, 32, 39, and 45 Hz 
in both H- and D-component dynamic spectra. Spectral power enhancements are also 
found for the H-component in a time interval of 05-15 UT and for the D-component 
in a time interval 11-17 UT. Note that the H- and D-component sensors installed at 
Syowa station mainly detect SR waves generated in the Asia and America region and 
the Africa region, respectively. A temporal difference in spectral power enhancements
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Figure 5.2: Schematic diagram showing a method to estimate the diurnal versus annual variation 
diagram of  SR. spectral power intensities. Calculation of the spectral powers at the first three resonance 
modes from the one-day H-component (a) and D-component (b) dynamic spectra. (c) Calculation 
and plot of the total spectral power intensity  P  total  •
therefore is due to migration of the lightning source region on global scale. Note 
that spectral enhancements occurring for the time interval 03-05 UT and below 5 Hz 
shown in Figure 5.1 are ULF waves caused by magnetic disturbances related to auroral 
activity near Syowa station located in the  auroral zone. 
  Secondly, we calculate the H- and D-component spectral powers at the first three 
resonance modes as a function of UT, as shown in Figures 5.2(a) and (b), respectively. 
Then, we calculate the summation of these spectral power intensities as  PH =  PH(f=8)± 
 PH(f=14)PHU =20)for the H-component and PD =  PD(f-8) PD(f  =14) +  PD(f  =20) for 
the  D-component. From these spectral data we can obtain the total spectral power 
intensity for the first three resonance modes as  P  -  total  +  PA as presented in
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Figure 5.3: Diurnal versus annual variation diagram of SR spectral power intensities for the three-
year period between February 2000 and January 2003.
Figure  5.2(c). Then, we make a diurnal versus annual variation diagram by calculating 
Ptotat in sequence for the three-year period as illustrated in Figure 5.2(c). 
  Figure 5.3 shows the diurnal versus annual variation diagram of the total spectral 
intensity  Ptotal for the period between February 2000 and January 2003. It is found that 
the diagram is characterized by a clear annual variation including intermittent burst-
like enhancements. It is also found that diurnal spectral enhancements occur in the 
06-16 UT sector and the 18-01 UT sector. Since lightning activity has its maximum 
in the late local sector typically around 16 LT, we illustrate a world map at 16 LT 
as shown in the left panel of Figure 5.3. In this figure the  0° longitude corresponds 
to 16 UT, for example. Referring to this 16 LT map, it is found that spectral power 
enhancement in the 06-13 UT sector is associated with lightning activity occurring in 
South-East Asia, Australia, China, and India. Similarly, spectral power enhancements 
in the 13-16 UT sector are due to lightning activity in Africa and Europe, while those 
in the 18-01 UT sector are due to lightning activity in South and North America. 
  It should be noted that the SR spectral power intensity is relatively weak in the 
northern winter season from November to February. As observed by the OTD and
Chapter 5. Link between Solar Activity and Global Lightning Activity 89
TRMM satellites, lightning activity is higher in northern summer than in northern 
winter, and is higher over continents than over oceans. Since the continents are dis-
tributed unevenly in the northern hemisphere than in the southern hemisphere, it is 
reasonable that global lightning activity is reduced in northern winter.
5.3 Periodicities in SR Spectral Powers 
   In this section we investigate the periodicities of short-term variations in SR spec-
tral power intensities shown in Figure 5.3 by spectral analysis using the maximum 
entropy method (MEM). First, daily mean values of the total spectral intensity  P  -  total 
which is the sum of the first three resonance modes are calculated. This procedure 
corresponds to the integration of spectral power along the vertical axis in Figure 5.2(c) 
or Figure 5.3. Then, 1096 data points corresponding to the same number of days for 
three-year period from February 2000 to January 2003 are displayed in Figure 5.4(a). A 
red dashed line representing a 40-day running mean curve for day mean values clearly 
demonstrates an annual variation with an amplitude of  N0.04 pT2/Hz in the SR spec-
tral power. Note that a minimum in spectral power appears in the northern winter 
season between December and February, while a maximum appears in the northern 
summer season between June and August. The average amplitude of spectral power 
variations is estimated to be  ,,,0.07 pT2/Hz. 
  Figure 5.4(b) shows the short-term SR spectral power variations obtained by sub-
tracting the 40-day running mean variation (red dashed line in Figure 5.4(a)) from 
the day mean values (solid line in the same figure). In order to investigate the pe-
riodicity of the SR spectral power variations, we calculated a power spectrum of the 
daily mean spectral power plot shown in Figure 5.4(b). Figure 5.5 shows the power 
spectrum calculated by the MEM. It is apparent that there are steep peaks at 27.9 and 
11.3, and multiple peaks around  ,4-6 days, which are indicated by (A), (B), and (C), 
respectively. From the 20-40 day band-pass waveform (not shown here) the amplitude 
of the 27.9-day spectral peak is estimated to be  N0.03 pT2/Hz which corresponds to 
   % of the average value of SR spectral power variations. 
  Recent studies on global lightning activity derived from SR measurements suggest 
that the  ,--,10 and day periodicities are highly correlated with planetary wave ac-
tivity  in the tropical region. However, clear evidence for the presence of the day 
periodicity over three years  has been found for the first time in this study. Since solar
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Figure 5.4: (a) Plot of daily mean values of SR spectral intensities. Red dashed line represents a 
running mean over 40 data points. (b) Short-term variations of SR spectral intensities calculated by 
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Figure 5.5: Plot of  SR power spectrum. Spectral peaks (A), (B), and (C) correspond to the periods 
of 27.9, 11.3, and  ,4-6 days, respectively.
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and geomagnetic activity shows a similar day periodicity, there might be some 
relations between the 27.9 day spectral peak of SR power variations and solar and 
geomagnetic activity. To confirm these relations, in the next section we perform the 
cross-spectral analysis between SR spectral power variations  (SR,p,) and solar and 
geomagnetic activity parameters.
5.4 Cross-Spectral Analysis between SRspvand So- 
    lar and Geomagnetic Activity Parameters 
5.4.1 Power Spectra of Solar and Geomagnetic Activity Pa-
       rameters 
   Since the rotation period of Sun is 27 day, the day periodicity of  SIIspv 
seems to be associated with solar and geomagnetic activity. In order to identify the 
periodicities of solar and geomagnetic activity parameters such as F10.7 index, sunspot 
number (SSN), Kp index, Dst index, cosmic ray flux (CR), and relativistic electron 
and ion fluxes (MeV ele. and ion) measured by the geostational satellite GOES-8, 
we calculated their power spectra with the MEM method. We used the F10.7, SSN, 
Kp, Dst, CR, and MeV electron and ion flux data with 1-day time resolution for the 
period between February 16, 2000 and January 31, 2003. The 40-day running mean 
variation is subtracted from day mean values. This procedure enables us to make a 
direct comparison between the SR power spectrum and the power spectra of solar and 
geomagnetic activity parameters. 
  Figure 5.6(a) shows the MEM power spectrum of  SIIsp, (same as Figure 5.5), while 
Figures  5.6(b)-(h) show the MEM power spectra of F10.7, CR, SSN, Kp, Dst, and MeV 
electron and ion fluxes, respectively. From these figures it is found that each solar and 
geomagnetic activity parameter has a steep spectral peak around  ,27-33 day periods 
(mostly around a 27-day period), as indicated by arrows in Figures 5.6(b)-(h). As 
described in Section 5.3, the  SItsp, power spectrum has a 27.9 day periodicity (Figure 
 5.6(a)). It is also found that solar and geomagnetic activity parameters have  ,10 day 
periodicities, which can be clearly seen in the power spectra of Kp, Dst, and MeV 
electron and ion fluxes. This spectral feature is similar to that of the  SRap, spectrum 
which shows a 11.3 day periodicity. Thus, the spectral features of the  SR,m, power 
spectrum and the power spectra of solar and geomagnetic activity parameters show 
close similarities. To understand the meaning of these similarities, we performed cross-
spectral analysis in the next subsection.
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Figure 5.6: (a) MEM power spectrum of  SRspv.  (b)-(h) Same as (a) except for the spectra of  F10.7, 
CR, SSN, Kp, Dst, and MeV electron and ion fluxes, respectively. A spectral peak around  -,27-33 
day period is indicated by an arrow in each figure.
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5.4.2 Dynamic Cross-Spectral Analysis 
   In order to examine the phase relation between the  ,,,27 day peaks identified  in 
 SR„, and solar and geomagnetic activity parameters, we performed dynamic cross 
spectral analysis using the MEM and Wavelet spectral analysis methods. Figure 5.7 
shows a dynamic cross spectrum between  SR", and sunspot number variation using the 
Wavelet analysis. Figure 5.7(a) shows a plot of the background-subtracted waveform 
of  SRspi, for the three-year period between February 2000 and January 2003. Figure 
5.7(b) is the same as Figure 5.7(a) except for sunspot number variation. Using these 
two data sets, we calculated Wavelet dynamic cross spectrum as shown in Figure  5.7(c). 
For the spectral calculation we used  "Morlet" as the mother wavelet. In this figure 
horizontal dashed lines are shown at the periods of 25 and 30 day to check the 27-day 
periodicity. It is found that cross-spectral power enhancements appear intermittently 
with changing periods of 20-30 days. Figure  5.7(d) shows the dynamic phase spectrum 
where the absolute phase difference, i.e.,  19SR -  OSSNI, is indicated by a blue-to-red 
color code (blue for in-phase, and red for out of  phase). In this figure the white lines 
show the contour level where the cross-spectral power level exceeds the 80 % level of 
the maximum value. Near in-phase relation is found for the periods between May and 
October 2001 and between May and July 2002. However, near anti-phase relation is 
found for the periods between April and June 2000 and between November 2000 and 
January 2001. Thus, it is suggested that the phase relation between  SR,p, and the 
sunspot number variation is not constant. 
  The same type of the dynamiccross spectrum was calculated by the MEM as shown 
in Figure 5.8. Figure 5.8(a) shows the dynamic cross spectrum calculated with a data 
window (N) of 144 points and the order (m) of 18. In order to calculate power spectra 
dynamically, each data window is shifted by N/4 (i.e., N/4 = 36). Note that the 
wide spectral window for the period between August and December 2002 shown in 
Figure 5.8 corresponds to the last data window which can be shifted by N/4. It is 
apparent that the feature of spectral structure shown in this figure is very similar to 
that shown in Figure 5.7(c) except for low time resolution. Figure 5.8(b) shows the 
dynamic coherence spectrum where the values of coherence given in the range from 0.0 
to 1.0 are plotted by a blue-to-red color code. In this figure only the regions where the 
cross-spectral power exceeds the 75 % level of the maximum value are plotted. It is 
found that the values of coherence exceed 0.8 in the period between May to July 2001, 
while the values of coherence are less than 0.5 in the period between June 2000 and














 t 20 
 j  23  30 
  35 
  40 
  50 
  10
  15 
..-- 
 t 20 
 I  25  30 
  35 
  40 
  50
 A  i  liL  ., .1 , I I':
fl  II
 I'  1  r  ' WYY9V'AisT7-
 FMAMJ  JA  SO
 AI4
Sid













Figure 5.7: Plots of  SIIsp, (a) and sunspot number variation (b), and wavelet dynamic cross-
spectrum (c). Horizontal dashed lines in (c) and (d) show 25— and 30—day periods. Wavelet dynamic 






...... 1  5 
 A 20 
  25 
  30 
  35 
  40 
  50 
  10
 ..-.. 15  
' 20 
1 25   30 
  35 
  40 
  50 
  10
...., 15 
-14 ..-- 20 
 3 25 
  30 
  35 
  40 
  50









    -
 ...,m....ipi.r..r•C-
                       .
-
.  OWL  ..















Figure 5.8: Same as Figure 5.7(c) except for MEM dynamic cross spectrum (a) and MEM dynamic 
coherence (b) and phase spectrum (c). Values of coherence and absolute phase are plotted only in 
the region where the cross spectral value exceeds the 75 % level of the maximum value.
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March 2001. Similar to Figure 5.7(d), Figure 5.8(c) shows the dynamic phase spectrum 
where the absolute phase difference displayed by a blue-to-red color code. This phase 
relation shows the same spectral feature as that shown in Figure 5.7(d). From this 
dynamic cross spectral analysis, it is concluded that the coherence is not always high 
at the cross-spectral peaks, and that there are both in-phase and anti-phase relations. 
  From Figures 5.7 and 5.8 it is shown that the same spectral characteristics can be 
derived both MEM and Wavelet analyses. Further, we estimated the dynamic cross 
spectra between  SRsp, and all other solar and magnetospheric activity parameters by 
the MEM and Wavelet spectral analyses. Using the obtained results, we qualitatively 
examined the coherence and phase relations as follows.
Coherency 
   Figure 5.9 shows coherence spectra for the period from February 2000 to January 
2003, estimated by the MEM cross-spectral analysis. The coherence spectra are ob-
tained by averaging the dynamic coherence spectra, as shown for the coherence between 
 SR.,p, and sunspot number in Figure 5.8(b). In Figure  5.9(a) the coherence spectra 
between  SR,,p, and the parameters of F10.7, CR, and SSN are plotted, while the  co-
herence spectra between  SR,p, and the parameters of Kp, Dst, MeV electron and ion 
are plotted in Figure 5.9(b). Although the cross spectrum peaks in the period range 
from 20 to 30 day as shown in Figure 5.8, the coherence values in this period range are 
estimated to be less than 0.6. 
  The values of coherence derived from the MEM cross-spectral analysis between 
 SR,p, and solar and geomagnetic activity parameters are summarized in Table 5.1. 
In this table values of the period and coherence at the MEM cross-spectral peaks are 
listed. It is found that these peak periods are in the range between 25.3 and 31.6 day. 
It is also found that the values of coherence at the peak periods are in the range 0.47 
and 0.58. All these results may imply that  SRsp„ and solar and geomagnetic activity 
parameters are moderately correlated.
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Figure 5.9: (a) Plots of coherence spectra between  SR,,p, and  F10.7, CR, and SSN. (b) Same as (a) 
except for Kp, Dst, MeV electron and ion.
Table 5.1: List of the period and coherence at the cross-spectral peak.
Cross-Spectral Parameters Period (day) Coherence
 SRspv — F10.7 26.9 0.56
 SRspv— CR 30.5 0.47
 SR,pt, — SSN 27.0 0.57
 SR3p, — Kp 25.6 0.53
 Sitspy — Dst 25.3 0.53
 SR„, — MeV ele. 29.9 0.52
 SRsp„ — MeV ion 31.6 0.58
Phase  Relation 
  Figure 5.10 shows the normalized phase histogram estimated by the MEM cross-
spectral analysis. In Figure 5.10(a) the phase histogram between  SR,p, and F10.7 
 (i.e.,  0SR  —  OFlo.7) are plotted as functions of period and phase by the blue-to-red color 
code. Similarly, Figures 5.10(b)-(f) show the phase histograms between  SR,sp, and the 
parameters of SSN, Kp, Dst, MeV electron and ion, respectively. In these figures the 
25 and 30 day periods are indicated by the dashed lines. 
  As shown in Figures 5.10(a), (b) and (f), the phase distribution in the 25-30 day 
period dominated in the range from  f•-, +20° to  ,---, +90°. This fact implies that the 
phase of  SR,p, precedes the phases of F10.7, SSN, and MeV ion and that the lag time 
becomes  r2-7 day. Though the histogram of  SR,,p„-MeV electron (Figure 5.10(e)) 
has a close resemblance to that of  Sftspv-MeV ion (Figure  5.10(f)), the distribution
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ts of the normalized phase histogram between  SR,p, and  F10.7 (a), SSN (b), Kp  (c). 
  (e), and MeV ion (f) estimated by the MEM cross-spectral analysis, respectively.
peaked at about +110° in the 25-30 day period, which implies that  SR,p, precedes the 
MeV electron with a lag time of day. Though the phase histogram of  SR ,sp„-CR 
is not shown here, it is found that there is no clear phase relationship between these 
two parameters. Since these histograms generally show multiple-peak structures in the 
range from  -180° to 180° at the 25-30 day period, it is deduced that there is no clear 
one-to-one correlation between  SR,m, and the parameters of F10.7, SSN, CR, and MeV 
electron and ion. 
  On the other hand, the phase distribution of  SR,spv-Kp and  SR,spv-Dst (Figures 
5.10(c) and (d)) peaks mainly at  N  0°, which shows nearly in-phase relationship.
Thus, all results derived from the cross-spectral analysis are summarized bel OW.
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1. As shown in Figure 5.6, all the power spectra of  SRspu, and solar and geomagnetic 
   activity parameters show the steep spectral peak at  ,,,27-33 day period. 
2. From the MEM cross-spectral analysis the coherence between  SRspz, and solar 
   and geomagnetic activity parameters is estimated to be less than 0.6 as shown in 
   Figure 5.9. 
3. From the phase histogram shown in Figure 5.10 it is found there is no clear one-
   to-one correlation between  SR,p„ and the parameters of F10.7 or SSN, CR, MeV 
   electron and MeV ion.
4. The phase 
   tionship.
 histogram between  SR,,p, and Kp or Dst shows nearly in-phase rela-
5.5 Ionospheric Reflection Height Measurements
  Since the amplitude of SR waves is thought to be proportional to global lightning 
activity, it is suggested that the  ,,,27 day periodicity of  SR,p, might be associated with 
the  ,27 day modulation of global lightning activity. However, SR waves propagate 
long distance by reflection at the highly conducting Earth surface and the ionospheric 
D—layer. This fact implies that the  ,-/27 day periodicity in  SIlap, might be caused by 
the  ,27 day modulation of the reflection parameter at the ionosphere. In order to 
verify this possibility, we estimated the ionospheric reflection height of SR waves and 
performed the cross-spectral analysis between the reflection height variation,  SR,,p, and 
F10.7. 
  Recently,  Schlegel and  Fiillekrug [1999] reported that the first Earth-ionosphere cav-
ity resonance frequency exhibits a variability  ,--,100 mHz associated with high-energy 
particle precipitation. Similarly, Roldugin et al. [1999, 2003] reported that solar X-ray 
burst and relativistic proton flux enhancement cause modulation of the resonance fre-
quencies of SR waves. These observed frequency variations might be attributed to wave 
propagation velocity changes associated with ionospheric conductivity perturbations 
at mesospheric altitudes  [Fiillekrug et al.,  2002]. The conductivity perturbations are 
equivalent to the altitude change of the ELF reflection height. Thus, it is possible to 
estimate variability of the ionospheric reflection height from the observed SR resonance 
frequency changes using an analytic global conductivity model.
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Figure 5.11: Schematic illustration of the two-scale-height conductivity profile.
  The relative wave propagation velocity  (v/c) are inferred from the observed reso-
nance frequencies and the theoretical solution for resonant electromagnetic waves in 
the Earth-ionosphere cavity, 
             1 c  V 
                                                  (5.1)       fn =27rVn(n+1)—RE —C 
where  fn(=  wn/27) is the real part of the complex modal eigenfrequency,  n isthe mode 
number, RE is the radius of the Earth, c is the speed of light, and v is the speed of the 
wave propagation. From equation (5.1) the relative wave propagation velocity can be 
written as, 
 'V  27rfnRE 
 c (fn)  =v/n(ri+ 1)  c (5.2) 
  On the other hand, we adopt the two-scale-height conductivity model developed 
by Sentman [1990, 1996] as a global conductivity profile for the Earth-ionosphere cav-
ity.  In this model the ionospheric scale heights  Si and  82 determine the slope of the 
conductivity profile in the lower atmosphere (u1) and in the upper atmosphere  (an). 
A schematic illustration of the two-scale-height model is shown in Figure 5.11. The 
conductivity in these regions can be written as, 
          QI  ()                 = 27rfnE0  exp    z — hi (f,„) 
 Si 
 (5.3)                    1 — h2(f,z)) 
           QII= exp 
                        871-to.fn (82)2s2
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where z is the altitude,  co and  po are the dielectric permitivity and magnetic permeabil-
ity, respectively, and h1 and h2 are the altitude of the ELF conduction boundary and 
the ELF reflection boundary, respectively. The conduction boundary h1 is the altitude 
where the conductivity is  Eown and the displacement and conduction current become 
equal, while the reflection boundary h2 where the conductivity is  1/4pown(s2)2 and the 
local scale height  82 approximately equals to the inverse wave number of the mode. The 
assumption of a frequency-independent global ionospheric conductivity profile imposes 
a sequence of interdependent conduction boundaries and reflection heights, which can 
be calculated recursively from one single reference frequency  fi  [Fiillekrug et al., 2002], 
 hi  (  fn) =  hi(  f1) —  siln(fl) 
             fn(5 .4) 
 h2(fn)  =  h2(fi)  —  s2 In fn). 
                        A In this approach, the frequency-dependent relative wave propagation velocity is mod-
eled as,               v,
\it/4 (fn) • (5.5)                  —J72) = —  c h2  fn 
  In order to estimate the reflection height h2, we first estimate the relative wave 
propagation velocity  (v/c),b, from equation (5.2) and the observed ELF data. Then, 
the model relative wave propagation velocity (v/c) calculated from equations (5.4) 
and (5.5) is fitted to the observed relative wave propagation velocity  (V  I C)  obs  - In the 
first-order approximation the ionospheric parameters  si = 3.2 km,  82 = 1.5 km, and 
h1 = 53 km are used  [Rillekrug et al.,  2002]. Finally, the best fitting parameter of h2 
may be found by the iteration  of the fitting.
5.5.1 Estimation of Ionospheric Reflection Height 
  Using ELF magnetic field waveform data obtained at Syowa station in the period 
between February 1, 2001 and January 31, 2003, we estimated the ionospheric reflection 
height of SR waves. First, an FFT power spectrum is calculated using 15 minutes 
waveform data, and a function  f  (x) is fitted to the FFT spectrum. The function  f  (x) 
is a linear combination of the Gaussian and quadratics written as, 
 z2  f  (x) =  Ao  exp  (—  2)  -FA3 
 s  —  A1 (5.6) 
 Z  =  
 A2
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Figure 5.12: FFT power spectrum in the 5-11 Hz frequency range derived from Syowa ELF data 
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Figure 5.13: (a) Plot of the relative wave propagation velocity at each resonance frequency derived 
from Syowa ELF data at 0845-0900 UT on October 12, 2001. The values  (v/c),,b, are indicated by 
the symbol "*". A dashed line is the best fitting curve calculated by equations (5.4) and (5.5). (b) 
Same as (a) except for ELF data at 1845-1900 UT on February 1, 2002.
where A0, A1,  A2, and A3 are the coefficients for fitting. Using this method, the peak 
frequencies from the first to fifth resonance mode of SR waves  (f o,=1) -  f(2=5)) are 
computed. 
  Figure 5.12 shows an example of an FFT spectrum and a least-square fitting curve 
of the Gaussian function for the first SR mode  (An=i)). The solid line in this figure 
corresponds to the FFT power spectrum in the frequency range of 5-11 Hz derived 
from Syowa ELF data at 0845-0900 UT on October 12, 2001. A red solid line is the 
least-square fitting curve of the Gaussian function presented in equation  (5.6). From 
this computation the peak frequency of the first SR mode is estimated to be 8.040 Hz. 
Similarly, the peak frequencies from the second to fifth resonance mode are estimated 
to  be 14.073, 20.057, 26.170, 32.593, respectively. 
  The relative wave propagation velocity  (v/c)ob, at 0845-0900 UT on October 12, 
2001 is plotted by the symbol "*" in Figure  5.13(a), which is derived from both the
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Figure 5.14: Plot of the estimated ionospheric reflection height h2 for the period between February 
1, 2001 and January 31, 2003.
estimated peak frequencies  (47,_1) —  fo.,_5)) and equation (5.2). Using the least-square 
method, the modeled relative wave propagation velocity  (tic) calculated from equa-
tions (5.4) and (5.5) is fitted to the observed relative propagation velocity  (v/c)obs as 
shown by a dashed line in Figure 5.13(a). Finally, the ionospheric reflection height h2 
is estimated to be 91.63 km. Similarly, the relative wave propagation velocity derived 
from ELF data at 1845-1900 UT on February 1, 2002 is plotted in Figure 5.13(b). The 
ionospheric reflection height for this data set is estimated to be 92.17 km . 
  Since one power spectrum is derived from 15 minutes waveform data, 96 data 
points of the ionospheric reflection height are obtained from one-day ELF data. The 
day mean values of the reflection height in a period between February 1, 2001 and 
January 31, 2003 are plotted in Figure 5.14. It is found that the variation of the 
ionospheric reflection height changes in the altitude range from to  r,-,95 km . It is 
also found that there is a clear annual oscillation in this variation with a maximum in 
March and a minimum in August. In order to investigate the phase relation among 
this height variation,  SR,p, and F10.7, we performed the cross-spectral analysis using 
the MEM and Wavelet in the next subsection .
5.5.2 Cross-Spectral Analysis of Ionospheric Reflection Height , 
 SR87, and  F10.7 
  Figures 5.15(a)—(c) are the plot of  SRspv, F10.7, and the ionospheric reflection 
height for the period between February 1, 2001 and January 31, 2002 , respectively.
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Figure 5.15: (a)-(c) Plot of the SR spectral power variation, F10.7, and the ionospheric reflection 
height, respectively. Note that these plots are obtained by subtracting 40 day running mean variations.
Note that these plots are displayed by subtracting 40 day running mean variations. 
It is found that the average amplitude of the ionospheric reflection height shown in 
Figure 5.15(c) is  N2 km. The average absolute value of the ionospheric reflection height 
shown in Figure 5.14 is estimated to be 93.1 km. Thus, it is found that the amplitude 
shown in Figure 5.15(c) is  r2 % of the average reflection height. 
  Using the same method presented in Section 5.4, we performed the MEM and 
Wavelet cross-spectral analysis among  SR,p,,  F10.7, and the ionospheric reflection 
height. Figures 5.16(a) and  (b) are the average MEM cross spectrum and coherence 
between  SR3p, and the ionospheric reflection height, respectively. It is found that the 
cross spectrum peaked at the period of 29.59 day with a coherence of 0.71, which 
shows relatively high correlation. Figure 5.16(c) shows the normalized phase diagram 
between those variations  (i.e.,  SR —  Oh2) whose format is the same as that in Figure
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Figure 5.16: (a)-(c) MEM cross spectrum, coherence, and the normalized phase histogram for  SR,p, 
and the ionospheric reflection height, respectively. (d)-(f) Same as (a)-(c) except for the ionospheric 
reflection height and  F10.7.
5.10. It is apparent that the phase distribution peaked mainly  -  90° at the 25-30 day 
period. This fact implies that the phase of the ionospheric reflection height variation 
preceded that of  SR,p, by  r•-,7.4 day. 
  Figures 5.16(d)-(f) are the same as Figures 5.16(a)-(c) except for F10.7 and the 
ionospheric reflection height. From Figures 5.16(d) and (e) the cross-spectral peak was 
estimated to be the 28.57 day period, and the coherence at this period was estimated 
to be 0.70. Figure  5.16(f) shows the normalized phase histogram of  (0Fio.7 -  07,2). It 
is found that the distribution of this histogram at  ,28 day period peaked mainly at 
 - 140° , which imply that the phase of the ionospheric reflection height precede that 
of F10.7 by  ,11.1 day. However,  Fiillekrug et al. [2002] presented that the variations 
of F10.7 and the ionospheric reflection height show a clear anti-phase relation. It is 
well known that the F10.7 index is proportional to the EUV flux from the sun into the 
ionospheric E- and D-layer. Consequently, the larger F10.7 index becomes, the more 
active ionization becomes, which results in the descending of the ionospheric reflection 
height of SR waves. As shown in Figures 5.15(b) and (c), F10.7 and the ionospheric 
reflection height show the  anti-phase relation which can be clearly seen in the three
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periods of March-April 2001, December 2001-March 2002, and July-November 2002. 
Thus, it is deduced that the phase of F10.7 preceded that of the ionospheric reflection 
height by 3.2 day. 
  It is found that the amplitude of the ionospheric reflection height variation is  ,,,2 % 
of the average reflection height, while that of  SR,p,  ,N,40  %. As presented in equation 
(3.6), the amplitude of the magnetic field spectrum  (Ho) is inversely proportional to 
the ionospheric reflection height (h) (i.e.,  Ho  a  1/h). If the energy of the lightning 
activity  (Idl) is constant, it is obvious that the  r•-,2 % modulation of the ionospheric 
reflection height can not create the  ,40  % modulation of  SRspv. From Figure 5.16(c) 
it is found that the phase between these variations  (8sR — Oh2) is estimated to be 
 ,-, —  90°. When we consider equation (3.6), there is no reasonable explanation for this 
phase relation since the magnetic field spectral intensity is inversely proportional to the 
ionospheric reflection height. Recently, it is reported that the meridional shift of the 
lightning source locations can create the amplitude modulation of SR waves [Sdtori and 
 Zieger, 1999]. This amplitude modulation is closely associated with the modulation 
of the angular distance  (6) between the lightning location and an observer, which is 
represented in the Legendre polynomials  (./3,1 (cos  6)) in equation  (3.6). However, no 
report showing the  r•-,27 day periodic migration of the lightning source locations has 
been made so far. Thus, it is reasonable to infer that the  ,27 day periodicity in  STtspi, 
is dominantly caused by the modulation of the lightning source energy  (Id1). 
  In summary, all these facts suggest that the  r'27 day SR spectral power variation 
is not caused by the modulation of the ionospheric reflection height but by the  ,--,27 
day modulation of the global lightning activity itself.
5.6 Cross-Spectral Analysis between  Sitsp, and Trop 
    ical Cloud Coverage 
   From the cross-spectral analysis between  SR,p, and the ionospheric reflection height, 
it is deduced that the  ,27 day periodicity in  SR,p„ is caused by the  ,,,27 day modu-
lation of global lightning activity. It is well known that lightning discharges occur at 
active thunderclouds whose cloud top altitudes are sufficiently high (cf., Figure 4.6). 
Then, it is natural to expect that there might be close correlation between the  r•-,27 
day SR spectral power variation and the variation of high cloud top area. In order 
to verify this, we analyzed the global infrared (IR) cloud image data obtained by the
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Figure 5.17: (a) Plot of the  satellite composite IR cloud image in the latitudinal range  from 30°S 
to 30°N at 06 UT on June 1, 2002. The regions where the cloud top altitude is >8  km are overlaid by 
the blue-green-red color code. (b) Plot of the >8 km cloud top regions in the latitudinal range from 
30°S to 30°N shown in (a). (c) Plot of the pixel number obtained by integrating (b) in the meridional 
direction.
meteorological satellites and estimated the area of high cloud top in the tropics. We 
performed the cross-spectral analysis between the SR spectral power variation and 
the variation of the tropical cloud coverage. Further, the cross-spectral analyses be-
tween the variation of the tropical cloud coverage and solar and geomagnetic activity 
parameters are performed.
5.6.1  SR,p, and Cloud Coverage 
  Figure 5.17(a) shows a composite  IR cloud image obtained by the GOES, GMS, and 
METEOSAT satellites at 06 UT on June 1, 2002. These  IR cloud images are created ev-
ery 3 hours and are provided by the Space Science and Engineering Center (SSEC), Uni-
versity of Wisconsin-Madison ( http://www.ssec.wisc.edu/data/ ). In this figure the
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Figure 5.18: (a) Plot of the day mean total pixel number where the cloud top altitude is >8 km in 
the latitudinal range from 30°S to 30°N. (b) Plot of the total pixel number obtained by subtracting 
40 day running mean variation from (a).
composite cloud image in the latitudinal range from 30°S to 30°N which we define the 
tropical region is mapped with the  Mollweide projection. In this  IR image the bright 
region corresponds to the region where the cloud temperature is low. Using the Mass-
Spectrometer-Incoherent-Scatter  (MSIS) 90 model and  IR cloud images converted into 
the temperature level (distributed by UCAR at  http://locust.mmm.ucar.edu/ ), we 
estimated the bright level where the cloud altitude becomes 8 km. In Figure 5.17(a) 
the >8 km cloud top regions are overlaid by the blue-green-red color code. Figure 
5.17(b) shows a plot of the >8 km cloud top regions in the latitudinal range from 
30°S to 30°N shown in Figure 5.17(a). From this figure colored pixels are integrated in 
the meridional direction, and the integrated pixel number is plotted in Figure  5.17(c). 
Then, the total pixel number in the tropical region can be derived from the zonal in-
tegration of Figure 5.17(c). Using this method, we estimated day mean value of the 
total pixel number where the cloud top altitude becomes >8 km using eight composite 
IR cloud images. 
  Figure 5.18(a) shows a plot of the day mean total pixel number where the cloud 
top altitude is >8 km in the tropical region in the period between July 19, 2001 and 
January 31, 2003. It is found that the amount of the >8 km cloud top regions is
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Figure 5.19: (a)-(c) Plot of the average MEM cross spectrum, coherence and normalized phase 
histogram between  Slisi, and the >8 km tropical cloud coverage. (d)-(f) Same as (a)-(c) except for 
the MEM cross-spectral results between  Slisp, and the  >10 km tropical cloud coverage.
gradually increasing in this period. The average cloud coverage is estimated to be 
 1.5  x104 pixels. Figure 5.18(b) shows a variation obtained by subtracting 40 day 
running mean variation from Figure  5.18(a). The average amplitude of this variation 
is estimated to be 0.6 x  104 pixels. It is found that the amplitude of this variation is 
   % of the average cloud coverage.
Tropical  Cloud Coverage
   Figures  5.19(a)—(c) represent to the average cross spectrum, coherence and nor-
malized phase histogram between  SRsp, and the variation of the >8 km tropical cloud 
coverage. From Figure 5.19(a) it is found that the cross spectrum peaked at a period 
of 24.04 days with the coherence of 0.65, which shows a relatively high correlation. 
Figure 5.19(c) is the normalized MEM phase histogram between these variations  (i.e., 
 9  S  R  —  0  cloud). Note that the format is the same as Figure 5.16(c) except for the horizon-
tal axis is shifted by 180°. It is apparent that the phase distribution shows a dominant 
peak at  ti +180° at the  ,24 day period.
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Figure 5.20: Plot of the oceanic (blue) and continental (red) cloud coverages where the cloud top 
altitude is >8 km in the tropical region.
  Figures 5.19(d)—(f) are the same as Figures 5.19(a)—(c) except for the results be-
tween  Sitsp, and the variation of the  >10 km tropical cloud coverage. From Figures 
5.19(d) and (e) it is found that the cross spectrum peaked at a period of 27.47 days 
with the coherence of 0.65. It is also found that the phase distribution mainly peaked 
at  ±180° at the day period. We also performed the Wavelet cross-spectral 
analysis between  SR,p„ and these variations of the cloud coverage. We found that the 
results derived from the MEM and Wavelet cross-spectral analysis are comparable. 
  Thus, it is found that the tropical cloud coverage has an anti-phase relation to 
 SRspv. This fact implies that the SR spectral power decreases when the amount of the 
tropical cloud coverage increases, which may imply that global lightning activity has 
an  anti-phase relation to tropical cloud coverage.
Continental and Oceanic Cloud Coverage 
   We further classified the tropical cloud coverage into oceanic and continental cloud 
coverages and performed the MEM cross-spectral  analysis, A blue line in Figure 5.20 
shows the variation of the >8 km oceanic cloud coverage in the period between July 
19, 2001 and January 31, 2002, while a red line shows the variation of the >8 km 
continental cloud coverage. It is found that the average amount of the oceanic and 
continental cloud are  N 2.3 x  104 and  N 1.1 x  104 pixels, respectively. Thus, the
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Figure 5.21: Same as Figure 5.19 except for the cross-spectral results between  SIZsp, 







amounts of the continental cloud is less than that of the oceanic cloud by a factor of 
 r•-,0.48. 
  Figures 5.21(a)-(c) are the same as Figures 5.19(a)-(c) except for the cross-spectral 
results between  SR3 and the variation of the continental cloud coverage. It is found 
that the cross-spectral peak and the coherence are at the 30.67 day period and 0.67, 
respectively. Figures 5.21(d)-(f) are the same as Figures 5.21(a)-(c) except for the 
variation of the oceanic cloud coverage. The cross-spectral peak was at the 28.90 day 
period, and the coherence at the period was 0.70. As shown in Figures 5.21(c) and  (f), 
it is apparent that the phase distribution shows clear anti-phase relation. Though this 
phase relation shows the same properties shown in Figure 5.19, the anti-phase relation 
between  SR,p,, and the variation of the continental cloud coverage can be seen more 
clearly.
5.6.2 Cloud Coverage and Solar and Geomagnetic Parameters 
   We performed the cross-spectral analysis between the >8 km tropical cloud cov-
erage variation and solar and geomagnetic parameters. Figure 5.22(a) shows the nor-
malized phase histogram between the tropical cloud coverage and CR  (Odoud - OCR)
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Figure 5.22: (a)-(c) Same as Figure 5.10 except for the cross-spectral results between the >8 km 
tropical cloud coverage and CR, Kp and Dst, respectively.
calculated by the MEM. Since the cross-spectral peak is at the 29.75 day period where 
the coherence is 0.72, the phase distribution shows a dominant peak at  N 45°. This 
fact indicates that the phase of the tropical cloud coverage precedes that of the CR 
variation by  f•-,3.7 day. 
  On the other hand, Figures 5.22(b) and (c) are the same as Figure 5.22(a) except for 
the histogram between the >8 km tropical cloud coverage and Kp and Dst, respectively. 
The cross spectrum between the cloud coverage and Kp peaked at 23.47 day period 
with a coherence of 0.64, while that between the cloud coverage and Dst at 24.88 day 
period with a coherence of 0.65. From Figures 5.22(b) and (c) it is found that the 
phase distribution peaked at both —30° — 0° and  N 180°, which implies that there 
are both in-phase and anti-phase relations between the cloud coverage and Kp and 
Dst. On the contrary, it is found that there is no clear phase relation between the 
cloud coverage and F10.7, MeV electron, MeV ion, and SSN though the normalized 
phase histograms for these parameters are not shown here. 
  Recent studies on the solar-climate relationships revealed that there is a strong 
correlation between cosmic ray flux and global cloud coverage. Svensmark and Friis-
Christensen [1997] reported that the observed variation of 3-4 % of the global cloud 
cover during the recent solar cycle is strongly correlated with the cosmic ray flux and 
that this effect is larger at higher latitudes. Moreover,  Pudovkin and Veretenenko [1995] 
found that the amount of the cloud coverage decreased in association with Forbush-
decreases of galactic cosmic ray flux. So far, it is not clear whether there is a similar 
relationship between the 20-30 day variation of the cloud coverage and the cosmic ray 
flux. In this study no clear phase relationship can be found between those variations. 
We selected the high cloud top regions only in the tropical regions. If we analyzed
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the amounts of the global clouds including low and middle clouds, we might obtain 
different phase relationships.
5.7 Discussion 
5.7.1 Effects of Cloud Coverage on Global Lightning Activity 
  As shown in Figure 5.5, it is found that there is the 27.9 day periodicity in  SR,spv  • 
It is considered that there are two possibilities to generate the  ,-,27 day periodicity; 1) 
 ,27 day modulation of the wave propagation condition at the ionospheric reflection 
height, and 2)  ,,,27 day modulation of global lightning activity. In order to verify 
these possibilities, we have estimated the ionospheric reflection height which can be 
derived from the resonance frequencies of SR waves and the two-scale-height conduc-
tivity model. As presented in Section 5.5, it is found that the cross spectrum between 
 SR82,„ and the ionospheric reflection height peaked at the  ,,,30 day period. It is also 
found that the phase between these variations  (0sR —  &h2) is estimated to be —90°, 
which implies that the phase of the ionospheric reflection height preceded that of  SEtspv 
by  N7.4 day. It is found that the amplitude of the ionospheric reflection height is 
% of the average absolute value, while that of  SR," is %. Also, when we con-
sider equation (3.6), there is no reasonable explanation for this phase relation since the 
magnetic field spectral intensity is inversely proportional to the ionospheric reflection 
height. From these interpretations it is regarded that the  r.27 day periodicity of  SRsp, 
is caused by the  ,27 day modulation of global lightning activity itself. 
  As presented in Figures 5.19 and 5.21, it is identified that  SlIsm, and the variation 
of the tropical cloud coverage show clear anti-phase relation. This fact implies that 
an increase of the tropical cloud coverage is associated with a decrease of lightning 
activity, while a decrease of the tropical cloud coverage is associated with an increase 
of lightning activity. From the cross-spectral analysis it is also identified that the 
variation of the tropical cloud coverage also has the  ,25-30 day periodicity with the 
coherency of  N0.7. These facts may suggest that lightning activity and the tropical 
cloud coverage are closely correlated each other. 
  The  anti-phase relation between lightning activity and the cloud coverage can be 
inferred from Figure 5.23. Figure  5.23(a) shows a schematic illustration in the case 
of an expanded cloud coverage. When high altitude clouds cover the Earth, solar 
visible and  IR radiation is reflected at the cloud top to space. In this case heating
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rate of the lower atmosphere near the ground surface would decrease. Consequently, 
convection producing thunderclouds would be suppressed, and lightning activity would 
be weakened. On the other hand, Figure 5.23(b) shows a schematic illustration in the 
case of reduced cloud coverage. In this case solar visible and  IR radiation can reach 
the Earth surface and heat the ground surface more effectively for the continental 
surface. Then, active updrafts would occur, and thunderclouds would be produced 
predominantly in the local afternoon hours, resulting in enhancements of lightning 
activity. The logic presented above and in Figure 5.23 can reasonably explain the 
anti-phase relation between the cloud coverage and lightning activity. 
  In this study we used the satellite composite  IR images to estimate tropical cloud 
coverage as described in Section 5.6. However, these composite images are the product 
of the  IR cloud image data which are not cross-calibrated among the meteorologi-
cal satellites. In order to validate the relationship between global lightning activity 
and global cloud coverage, we need to use the calibrated cloud data set, such as the 
 International Satellite Cloud Climatology Project (ISCCP) D data sets.
5.7.2 Relationship between Solar Activity and Global Light-
     ning Activity 
   In Section 5.4 we performed the MEM and Wavelet cross-spectral analysis between 
 SR,29, and solar and geomagnetic activity parameters. As shown in Figures 5.10(c) and 
(d), it is found that the phase histogram shows the in-phase relation between the  f•-,27 
day SR spectral power variation and Kp and Dst. However, the phase histograms 
between  SR,p, and other solar and geomagnetic activity parameters such as  F10.7, 
SSN, CR, MeV electron, and MeV ion showed the multiple peak structures, and the 
phase of  SR,p, generally preceded that of the these solar and geomagnetic activity 
parameters. Thus, it is speculated that there are no clear phase relations between 
these variations. We also performed the cross-spectral analysis between  SR,p, and 
the variation of the tropical cloud coverage. As shown in Figures 5.19 and 5.21, the 
phase histograms of these variations show a clear anti-phase relation. In addition, from 
Figure 5.22 it is found that the phase between the tropical cloud coverage and Kp and 
Dst showed both anti-phase and in-phase relation. 
  All these facts may imply that variations of  SR,p,, Kp, Dst, and tropical cloud 
coverage are strongly correlated each other  and have a self-consistent phase relation. 
The phase relation between these variations is schematically illustrated in Figure 5.24.
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Figure 5.24: Schematic illustration showing the phase relationship between Kp, Dst (solid line), 
 087,, (red-colored solid line), and variation of the cloud coverage (blue-colored dashed line).
In this figure a solid line represents the variation of Kp and Dst, while a red solid 
line and a blue dashed line represent the variations of  SRsi,, and the tropical cloud 
coverage, respectively. Note that the sign of the Dst index is reversed in order to meet 
that of the Kp index and that the period T of these variations is equal to  r•-,25-30 days 
which are derived from the cross-spectral analysis. 
  As discussed in Section 5.7.1, we can reasonably explain the  anti-phase relation 
between  SR,p„ and the cloud coverage and can suggest a possible physical mechanism. 
However, it is not easy to specify possible generation mechanisms of  ,-,27 day modula-
tion identified global lightning activity and cloud coverage and to reveal the mechanism 
of a link between solar activity, global lightning activity, and cloud coverage. Though 
the  ,-,11 year variation of cloud coverage and their relation to solar activity have been 
intensively investigated,  ,-,27 day modulation of the tropical cloud coverage has been 
identified for the first time in this study. The variation of the cloud coverage in the 
tropical region may be much more strongly controlled by dynamic processes in the tro-
posphere such as the activities of the planetary wave and Madden-Julian oscillation 
 (MJO) as pointed out Anyamba et  al. [2000]. In order to uncover the mechanism of the 
 ,27 day modulation of the links between solar activity and global lightning activity 
and between solar activity and cloud coverage, we need further investigations.
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5.8 Summary and Conclusions 
  Using the 1-100 Hz magnetic field waveform data obtained at Syowa station in the 
period between February 2000 and January 2003, we investigated the periodicities of 
 SR,/,,, and their relationship to global lightning activity and solar activity.  From the 
dynamic spectra of the ELF magnetic field data we estimated the diurnal versus annual 
variation diagram of SR spectral power intensities. It is found that the enhancements of 
the spectral power intensity are closely associated with lightning activity occurring in 
North and South America, Africa, and  South-East Asia, which are the main lightning 
source regions. As a next step, we calculated a power spectrum of the daily mean SR 
spectral power derived from the diurnal versus annual variation diagram and found 
that there are steep spectral peaks at 27.9 and 11.3, and multiple peaks around  r4-6 
days. 
  Since the  r•-,27 day period is comparable to the rotation period of Sun, it is deduced 
that there might be some relations between  SR,p, and solar and geomagnetic activity. 
Then, we performed the MEM and Wavelet cross-spectral analysis between  SR.9p„ and 
solar and geomagnetic activity parameters such as F10.7, CR, SSN, Kp, Dst, MeV 
electron and ion fluxes. It is found that the power spectrum of  these parameters 
showed a steep spectral peak at  ,,,27-33 day. It is also found that the coherency 
between  SR ,,p, and solar and geomagnetic activity parameters is less than 0.6. Though 
the phase histograms between  SR,p, and the parameters of F10.7, CR, SSN, MeV 
electron and ion presented in Figure 5.10 did not show a clear phase relationship, the 
phase histograms of  SR,p,-Kp and  SRsp,,-Dst showed in-phase relation. 
  Since electromagnetic waves in the SR band propagate in the Earth-ionosphere 
cavity by reflecting at the conducting boundary, the  ,--,27 day modulation of  SR,p, 
might be caused by that of the wave propagation condition at the ionosphere. In 
order to verify this probability, we estimated the variation of the ionospheric reflection 
height by using the two-scale-height conductivity model and the resonance frequencies 
derived from the observed waveform data. From the cross-spectral analysis it is found 
that the phase of the ionospheric reflection height preceded that of  SR,p,, by  r•-, 90° 
 (,,,7.4 days). It is identified that the amplitude of the reflection height variation  (r.2 
km) is  ‘-,2 % of the average absolute value (93.1  km), while the amplitude of  SRspv 
 (f-A.03 pT2/Hz) is  ,40 % of the average absolute value  (,--,0.07 pT2/Hz). When we 
consider equation (3.6), there is no reasonable explanation for these phase relation and 
amplitude difference. Thus, it is likely that the  ,-,27 day variation of  SR,,p, is caused 
by the  ,27 day modulation of global lightning activity itself.
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  In order to examine the relationship between  SR,p, and the variation of the tropical 
cloud coverage, we analyzed the composite IR cloud images measured by the  meteoro-
logical satellites. From the cross-spectral analysis between these variations it is found 
that the cross spectrum showed a steep peak at the  r•,27 day period. It is also found 
that the phase histogram showed the clear anti-phase relation between these variations. 
Further, the phase histograms between the cloud coverage, Kp and Dst revealed the 
anti-phase relation. 
  From these results the phase relations among Kp, Dst,  SR,p, and cloud coverage is 
schematically summarized in Figure 5.24. When high altitude clouds cover the Earth, 
solar visible and IR radiation is reflected at the cloud top back into space. In this 
case the heating rate of the lower atmosphere near the ground surface would decrease. 
Consequently, convection producing thunderclouds would be suppressed, and lightning 
activity would be weakened. However, it is not possible to explain the in-phase relation 
in the  ,27-day modulation of  SR,p,, Kp and Dst and the  anti-phase relation in the 
 ,-,27-day modulation of the cloud coverage, Kp and Dst. In order to understand the 
mechanisms of the  ,-,27-day modulation and the link among solar and geomagnetic 
activity, lightning activity and cloud coverage, we need further investigations.
/
Chapter 6
Conclusions and Suggestions for 
Future Work
6.1 Conclusions 
     The purpose of this dissertation is to establish an appropriate global network 
of stations for SR monitoring and to investigate global lightning and sprite activity 
changes and their dependences on solar and geomagnetic activity changes. This study 
focuses on four subjects: 1) development of a new ELF observation system for SR 
monitoring and its continuous operation, 2) basic characteristics of CG discharges 
inducing transient SR waves and sprites, 3) global occurrence rates and locations of 
sprites, and 4) a possible link between global lightning and sprite activity and solar 
and geomagnetic activity. 
  For first  subject, we developed a new ELF observation  system and have carried 
out continuous monitoring of  1-100 Hz waveform at Syowa station in Antarctica since 
February 2000, which is the first routine operation in the Antarctic. We also installed 
this observation system at Onagawa observatory in Japan in June 2001 and operated 
continuously to achieve triangulation of sprite occurrence regions. Many important 
results of this thesis have been obtained from the analysis of the ELF magnetic field 
waveform data obtained from Syowa station for three years from February 2000 to 
January 2003 and the same data from Onagawa observatory for one and a half years 
from June 2001 to January 2003. For the second subject, we analyzed summer sprite 
events which occurred over the US High Plains and winter sprite events which occurred 
over Japan and its surrounding sea. In this analysis, we developed a technique to 
estimate the charge moment  (Q•d/) and the decay time constant (r) of sprite-inducing 
CG discharges. As to the  third subject, we selected  ,-,715,500 transient SR events
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from those ELF data and estimated the locations and polarizations of the parent CG 
discharges automatically using a newly developed triangulation method. In addition, 
we estimated charge moment distributions of CG discharges inducing these SRs. For 
the fourth subject, we performed cross-spectral analysis between the variation of SR 
power and solar and geomagnetic activity parameters. Further, we estimated the 
ionospheric reflection height using the two-scale-height conductivity model and the 
resonance frequencies of SR waves. We also analyzed the composite infrared cloud 
images to estimate a variation of tropical cloud coverage. 
  The conclusions obtained from these analyses are summarized as follows: 
1. In the summer sprite events of the US, the charge moments and time constants of 
   positive CG (+CG) discharges inducing sprites are estimated to be 876  C•km and 
   8.63 ms on average, respectively. On the other hand, in the winter sprite events 
   in Japan those values are estimated to be 520  C•km and 9.54 ins, respectively. 
   From the National Lightning Detection Network (NLDN) and Japanese Lightning 
   Detection Network (JLDN) data it is found that charge moments are scarcely 
   correlated with peak current intensities but they are strongly correlated with decay 
   time constants. Assuming that the channel length dl of the sprite-inducing CG 
   discharges is equal to 4 km for the summer and 2 km for winter sprite events, the 
   amounts of charge removed by +CG discharges are comparable for the summer 
   and winter sprites. 
2. The global sprite occurrence rates are estimated to be 686, 733, and 741 events/day 
   on average in the northern summer, fall and winter, respectively, and 719events/day 
   through this period. The high occurrence regions of sprites concentrate on the 
   major lightning source regions: North America, China and South-East Asia in 
   summer, the equatorial region in fall and Africa and South America in  winter, 
   The mean accuracy in the triangulation method is estimated to be  ,--)1.7 Mm, and 
   this error is unevenly distributed over the world, which might  be due to a fact 
   that available data are provided from only Syowa and Onagawa. 
3. There are distinct spectral peaks at 27.9 and 11.3, and multiple peaks around 
   days in the variation of SR spectral power  (SRspv). Though solar and geomagnetic 
   activity parameters such as F10.7, cosmic ray flux (CR), sunspot number (SSN), 
   Kp index, Dst index, and relativistic (MeV) electron and ion fluxes show a distinct 
   spectral peak at  ,27-33 day, it seems that there is no clear phase relationship 
   between  SItsp, and the parameters of F10.7, CR, SSN, MeV electron and MeV 
   ion. On the other hand, there seems to be in-phase relation between  SR .,p, and 
   Kp and between  SRsp, and Dst.
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4. The amplitude of the ionospheric reflection height  (,2 %) is much smaller than 
  the modulation of  SItsp„  (,-,40 %) and that the phase of the ionospheric reflection 
   height preceded that of  SR,p, by  ,--, 90°  (r-17.4 days). These facts imply that the 
   27.9 day periodicity of  SR ,n, is caused not by the modulation of the ionospheric 
  reflection height but by the  ,27 day modulation of global lightning activity. The 
   cross spectrum between  SR .,p, and the tropical cloud coverage shows a distinct 
   peak at the  ,--,27 day period, and there is a clear anti-phase relation between these 
  parameters. This fact implies that the heating rate of the lower atmosphere near 
  the ground surface would decrease as high altitude cloud coverage increases. Con-
  sequently, convection producing thunderclouds would be suppressed, and lightning 
  activity would be weakened. However, it is not possible to understand the gener-
   ation mechanisms of the  ,,,27 day modulation of  SR,p, and cloud coverage.
  The results obtained from the present study will significantly contribute to the over-
all understanding of global lightning and sprite activity and the possible link between 
global lightning and sprite activity and solar and geomagnetic activity. However, to 
understand the real mechanism of this link we will need further investigations in the 
future.
6.2 Suggestions for Future Work
6.2.1 Multipoint Observation of Schumann Resonances 
   In this study we used ELF magnetic field waveform data obtained at Syowa station 
in Antarctica and Onagawa observatory in Japan to geolocate intense CG discharges 
and to estimate global occurrence rates and locations of sprites. As described in Section 
4.4.1, the mean accuracy in the triangulation is estimated to be  ,,,1.7 Mm. In order to 
achieve the mean triangulation accuracy of less than 1 Mm, we installed the same type 
of the ELF observation system in August 2003 and started continuous measurements at 
Kiruna (67.88°N, 21.10°E), Sweden since then. The triangulation method using ELF 
data obtained at Syowa, Onagawa, and Kiruna is now under development. Further, if 
we can install the same type of the ELF observation system at one more observation 
sites somewhere in the US or in South America, the triangulation error would be 
drastically reduced. A data set obtained from this global ELF lightning detection 
network would be greatly useful for analysis of data obtained from sprite observations
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conducted by future spacecraft such as the ROCSAT-2 satellite launch in February 
2004. 
  Recently, Price et al. 12002] presented an improved method for globally geolocating 
sprite-inducing lightning using VLF magnetic field data and ELF magnetic and electric 
field data. In their study VLF data were used to obtain the azimuth direction of the 
wave propagation path, while ELF data were used to calculate the distance between 
the source and the receiver, which can be derived from the ratio  E/H known as the 
impedance spectrum [Boccippio et al., 1998]. Price et al. [2002] reported that the mean 
triangulation error is estimated to be  ,--,0.18 Mm. In order to estimate the distance 
between the source and the receiver more accurately, a ball-antenna to measure vertical 
electric field in the SR band should be employed in our ELF magnetic field observation 
system.
6.2.2 Refined Estimation of Sprite Occurrence Probability 
  Using ELF magnetic field data, it is possible to estimate charge moments of CG 
discharges inducing and not inducing sprites. Then, we can estimate a sprite initiation 
probability based on these SR measurements. For the identification of sprite occur-
rence, image data obtained by recent ground-based optical observations operated in 
the US, Brazil, Taiwan and Japan can be used. Also, it may be possible to use sprite 
images which were obtained by the space shuttle Columbia during the Mediterranean 
Israeli Dust Experiment (MEIDEX) sprite campaign and will be obtained by the Im-
ager of Sprites and Upper Atmospheric Lightnings (ISUAL) onboard the ROCSAT-2 
satellite. We can use lightning data such as NLDN, JLDN, arid VLF lightning location 
by time of group arrival (TOGA) to identify the CG discharges which are responsible 
and not responsible for the sprite generation. This empirical sprite initiation proba-
bility derived from SR data enables us to estimate global sprite occurrence rates more 
accurately.
6.2.3 Chemical Impacts of Sprites on the Middle Atmosphere 
  After the global sprite occurrence rates and locations have been inferred from the 
multi-point ELF measurements and the empirical sprite initiation probability derived 
from SR data, it may be possible to estimate the impact of sprites on the chemical
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processes in the stratosphere and mesosphere on a global scale. Recent 1-dimensional 
simulation for the chemical effect of sprite halos on ion and neutral species performed 
by Hiraki et al. [2002] revealed that the concentration of NOx and HOx neutral 
species increases significantly during sprite halo events. Since the spatial scale of 
sprite halos and sprites is proportional to the charge moment value of their parent 
 CG discharges [Miyasato, 2002; Adachi et al., 2004], it may be possible to model the 
3-dimensional extent of sprite halos and sprites according to the magnitude of charge 
moment. Combining this chemical model with the global sprite occurrence rates, we 
can estimate the total change of NOx and HOx concentration and evaluate its effect 
on the ozone chemistry on the global scale.
6.2.4 Solar and Geomagnetic Activity, Lightning and Sprite 
     Activity, and Climate Change 
   As we describe in Chapter 5, an investigation of the generation mechanism of the 
link between solar and geomagnetic activity, global lightning and sprite activity and 
climate change is one of the most exciting research subjects since this relation may 
suggest the direct connection from Sun to the troposphere through the magnetosphere 
and the ionosphere. As a future work, we will analyze ELF data obtained at Ona-
gawa for about two year period from June 2001 to December 2003. In addition, we 
will analyze not only the  cloud data provided by the International Satellite Cloud 
Climatology Project (ISCCP) but also the meteorological parameters such as the tem-
perature, pressure, and indices denoting the activity of the Madden-Julian oscillation 
and El  Nino-southern oscillation  (ENSO). Further, the transient response of global 
lightning activity and climate caused by solar flare and associated  7-ray and X-ray 
bursts and solar proton event should be investigated. All these analyses would bring 
some key parameters to solve the missing link between solar and geomagnetic activity, 




Electromagnetic Fields in the 
Earth-ionosphere Cavity
We consider fields of the electromagnetic waves propagating in an idealized, spheri-
cally symmetric Earth-ionosphere cavity. Assuming that all quantities vary as 
Maxwell's equations are, 
 ^  x  E  =  (A
.1) 
 ^  x  H  =  ic.occiE  +  J 
where E and H are the electric and magnetic field at a point  (r, 0, 0), respectively, 
 /Jo and  eo are the magnetic permeability and the dielectric permitivity of free space, 
respectively,  .g.) is the angular frequency, and J is an external vertical source current 
located at  ro = (a, 0, 0) written by, 
                    J = roy 
where  f• is the radial unit vector. Then, we consider the normal modes of a closed 
cavity. Maxwell's equations for the  n-th normal mode fields are, 
                           ^ x  Er, =                            (A.2) 
                            ^ x  Hn =  iwn€O  En 
where  En and  fin are the normalized electric and magnetic field, respectively, and 
 Wn is the normal mode frequencies of the system. From equations  (A.1) and (A.2), we 
obtain, 
            V (E x =  —iwiLo(H +  iwnEo(E  •  ED (A.3)
 V  x  H)  =  iwrirto(H  H;2')  —  iwEo(E  —  J (A.4)
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  The general fields E and H are represented by expansions over the normal modes 
of the cavity, 
                        H =  E  aril/. 
 n (A.5) 
                      E =  E  OnEn 
 n
where the sum is taken over all modes. 
  Now we substitute (A.5) into (A.3) and (A.4) and integrate two equations over the 
volume of the cavity  Vres. We apply zero boundary conditions for the field components 
on perfectly conducting ground surface and apply general boundary conditions on the 
ionosphere proposed by Bliokh et al. [1980],
where  Z is the 
(A.3) becomes,





 x  (H  x  fl
surface impedance of the ionosphere.
           iw  Ean Poll, .  Hn*  dV— ic,,, Ef3n,ico-En •  En*  dV
      ndiVreS  nVres 
                               AO               —.E  amS\/-€0Hn*. z{i,x (Hm x12)}cIS = O. 
                n m 
Here we can write normalization constants K with the dimension of energy as,
 K  =fpolin 
      yr—
By using this relations,
E 
(A.6)
.  Ir idV  =  €0E,, filre 9
can be written as,
 Wn/3n —  Wan + iCE 
 in
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As a same manner,
  Ann, ---11-`1H*n• 2 If. 
     Ks 
(A.4) can be written as,
 [Wnan —  WOn
 x (H,  x
  i 
+  —  K  Ls
 OldS.
 J  .  Es,',c1V I  =°
(A.9)
 wnan  —  w  On  +  I,  =  0  (A.10)
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where 
                  In =-i--fJ • En*dV.(A.11)                            -K
v„, 
  We consider the simplest model of the Earth-ionosphere cavity. That is, the surface 
impedance of the ionosphere is the uniform scalar function of frequency  (i.e.,  Z = 
 2  (a)))  . In this case, (A.9) can be written as, 
                                                          , 
                                  Ann/  = Z(w) -- him 
 h where h is the altitude of the ionosphere. Using this assumption, (A.8) and  (A.10) can 
be written as, 
               (  wn —CV) an = —In            )                                  iCZ(Ca)                -4)  + hWn 13n 0 
This matrix becomes diagonal and following solutions are readily obtained, 
                                                 - Li), 
      =  (A.12)  an 
                                 c,2_ L4)2 +coicZP)In         nh 
                                         icZ(w)                                    —  W  + 
           13n=  in 
                        cc2 _L.02+u.,hicZ(w)(A.13)         nh 
In the frequency range of the Schumann resonance band only transverse magnetic 
(TM) waves propagate in the cavity, which have three non-zero field (Er, E0,  Ho). 
However, the amplitude of  E0(e' Z  •  Er) is much less than that of Er. This is why 
the TM waves are often refered to the quasi-transverse electromagnetic (quasi-TEM) 
waves. At the surface of the Earth the electric field is radial, and so the angular 
dependence of the fields must be proportional to the Legendre polynomials  Pn (cos  0). 
We can therefore write, 
 En (0) =  CnPn(cos  0) (A.14) 
where  Cr, is a constant of proportionality. Using this relation, (A.7) can be written 
as, 
               K =i€0En . En*dV 
                                      Vres 
                                   1                 Pe,27rEoha2Cn2f Pn  (cos  0)Pn  (cos 0)d(cos  0) 
                                                  -1 
where a is the radius of the Earth. Using the normalization and orthogonal relation, 
  f1  2                 iPn(cos 0)Prn(cos 0)  d(cos  8) =2n + 1 Onm 
we obtain, 
 47rEoha2 
 K re-:,    C2(A.15) 
 2n  +  1  n•
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 To compute  (A.11), a radial source current may be modeled as an infinitely thin 
vertical channel of length dl  <  a located at the pole, 
       tip, r) =r  J(w)  O  (r  –  a)S (6)( 5(0)  
 { 
                  02sin 0 P (a < r  <  a+dl)  r   a,  r >  a  +  dl) 
we  obtain, 
 In = 'i fir j r(w\Or – a)6 (0)8(0)r"r2 • E;.; T.'sin 0 drd0c10               Kiii1 r  2 sin 0 
        =  
Ki Idl(w)1 En(0 = 0) (A.16) 
where  I  dl(w) is the vertical current moment. From (A.14) we obtain, 
 En(0  :=-, 0) =  C,,P,,(0 = 0) =  C. (A.17) 
By substituting (A.15) and (A.17) into (A.16), we obtain, 
                        i(2n + 1)  I
n  ,  I dl(w).(A.18)                                    47€0ha2C,, 
  Finally, we obtain the electric field as, 
 Er =  Ei3n,E, 
                     n 
 —  c4)  +  m- ,ic(w)  i(2n  +  1) 
          2 
                                     is    
 Idl(w) • C,,,P„(cos 0)is.                ‘--1w2 _ w+41-foha2C„       nnh 
                iI dl(J.)) (2n  +1) (u.)  icZh(cil)) 
             = — ?'  (A.19) 
 47reoha2  E „2+icZP) 1 Pn(cos 6) 
                      n wn—wm h 
where the sum runs over n = 1, 2, 3,  •  •  • (we ignore the zeroth-order quai-electrostatic 
mode). The corresponding magnetic field at the ground can be obtained directly from 
(A.1) as, 
i
 Ho  --.--  —V  X  Er 
 w  PO 
 i
_ OE,   
 w  Por  ae 
 I  dl  GO  2n + 1 
      =CoP1 (cos  0) (A.20) 
                      47rEopoha32_,22i_LI.i.)n                             'n Wn—W+h 
where  Pnl(cos  0) =  a  .13,,(cos  0)/a8 is the associated Legendre polynomials of first de-
gree and order n. Equations (A.19) and (A.20) are called the zonal harmonic series
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representation (ZHSR) for the ELF radio wave  [Wait,  1962]. Each term in the infi-
nite sum describes oscillations of a single Schumann resonance mode. The Legendre 
and associated Legendre polynomials characterize different spatial distributions of the 
electric and magnetic field components of a particular Schumann resonance mode. 
  Now, we consider the dimensionless complex propagation parameter v(w). This 
parameter is defined as, 
                                                                                                                                                                                          ' 
 v  (v  +  1)=(-w)2a2(1lcZ((.0)),- (koaS)2 (A.21) 
         cwh 
where  k0 is the wave number, and S is the complex index of refraction [Jones,  19704 
The complex eigenfrequency  wn can be written as,
From equations  (A.19)
 ET  =  -  -  I.
 Wn =
   c 
 n(n  +  1)  
a.
- (A.22), we obtain, 
 iicil  (...;) x-,
E 
n
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